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(57) ABSTRACT 

A corrosion-inhibiting pigment comprising a rare earth 
element and a valence stabilizer combinded to form a rare 

earth/valence stabilizer complex. The rare earth element is 
selected from cerium, terbium, praseodymium, or a combi 
nation thereof, and at least one rare earth element is in the 

tetravalent oxidation state. An inorganic or organic material 
is used to stabilize the tetravalent rare earth ion to form a 

compound that is sparingly soluble in Water. Speci?c stabi 
lizers are chosen to control the release rate of tetravalent 

cerium, terbium, or praseodymium during exposure to Water 
and to tailor the compatibility of the poWder When used as 
a pigment in a chosen binder system. Stabilizers may also 

modify the processing and handling characteristics of the 
formed poWders. Many rare earth-valence stabilizer combi 
nations are presented that can equal the performance of 
conventional hexavalent chromium systems. 
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NON-TOXIC CORROSION-PROTECTION 
PIGMENTS BASED ON RARE EARTH ELEMENTS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of com 
monly assigned US. application Ser. No. 10/037,576, ?led 
Jan. 4, 2002 and entitled “NON-TOXIC CORROSION 
PROTECTION PIGMENTS BASED ON COBALT.” This 
application is also related to US. application Ser. No. 

(Attorney Docket No. UVD 0280 IA), ?led , 
2003 and entitled “NON-TOXIC CORROSION-PROTEC 
TION CONVERSION COATS BASED ON RARE EARTH 
ELEMENTS”, Which is a continuation-in-part of US. appli 
cation Ser. No. 10/038,274, ?led Jan. 4, 2002 and entitled 
“NON-TOXIC CORROSION-PROTECTION CONVER 
SION COATS BASED ON COBALT”, and US. application 
Ser. No. (Attorney Docket No. UVD 0299 IA), ?led 

, 2003 and entitled “NON-TOXIC CORROSION 
PROTECTION RINSES AND SEALS BASED ON RARE 
EARTH ELEMENTS”, Which is a continuation-in-part of 
US. application Ser. No. 10/038,150, ?led Jan. 4, 2002 and 
entitled “NON-TOXIC CORROSION-PROTECTION 
RINSES AND SEALS BASED ON COBAL ”, the disclo 
sures of Which are incorporated herein by reference. This 
application is also related to US. application Ser. No. 
10/341,556, ?led Jan. 13, 2003 and entitled “NON-TOXIC 
CORROSION PROTECTION PIGMENTS BASED ON 
PERMANGANATES AND MAN GANATES”, and US. 
application Ser. No. 10/341,435, ?led Jan. 13, 2003 and 
entitled “NON-TOXIC CORROSION PROTECTION PIG 
MENTS BASED ON MANGANESE”, the disclosures of 
Which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] This invention relates generally to compositions 
and methods for the formation of protective, corrosion 
inhibiting pigments Without the use of chromium in the 
hexavalent oxidation state. More particularly, this invention 
relates to non-toxic, corrosion-inhibiting pigments based on 
tetravalent cerium, praseodymium, or terbium and methods 
of making and using the same. 

[0003] Inhibiting the initiation, groWth, and extent of 
corrosion is a signi?cant part of component and systems 
design for the successful long-term use of metal objects. 
Uniform physical performance and safety margins of a part, 
a component, or an entire system can be compromised by 
corrosion. Magnesium, aluminum, Zinc, iron, titanium and 
their alloys tend to corrode rapidly in the presence of Water 
due to their loW oxidation-reduction (redox) potentials. The 
high strength 2000 and 7000 series of aluminum alloys are 
used extensively in aircraft and are very sensitive to corro 
sive attack. Materials such as steels and carbon ?bers With 
higher redox potentials Will form a galvanic couple in Water 
and promote corrosive attack When located near light metal 
alloys such as aluminum. 

[0004] A bare metal surface or one that has been conver 
sion coated, phosphated, sealed, rinsed, or otherWise treated 
Will be protected by the application of a primer paint With a 
corrosion-inhibiting pigment. As used herein, the term “pig 
ment” means chemically active compounds With the ability 
to inhibit corrosion at a distance, rather than simple colo 
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rants or opaci?ers. Oxidative compounds that are effective 
as corrosion inhibitors tend to be highly colored and/or 
opaque. An effective corrosion-inhibiting pigment has 
throWing poWer and can protect exposed base metal in a 
scratch or ?aW by oxidiZing and passivating it at a distance 
during aqueous corrosion When dispersed in a suitable 
carrier phase. These compounds are usually solids or liquids 
that are typically dispersed in a liquid carrier or binder 
system such as a paint or Wash. These compounds may also 
be used to help inhibit corrosion Without a signi?cant liquid 
carrier using an integral binder and/or a loW-volatile appli 
cation method. Barrier layer formers such as sol-gel coatings 
or polymeric ?lms are also used, but they tend to have no 
inherent oxidiZing character and no appreciable throWing 
poWer, and fail to protect the metal surface When the ?lm is 
breached. 

[0005] Pigments that contain hexavalent chromium (CrVI) 
compounds are the de facto standard for high-performance 
corrosion-inhibiting paints and coatings for metal protection 
and are a typical corrosion inhibitor used to protect alumi 
num, Zinc, magnesium, iron, titanium, copper and their 
alloys. Zinc (CI. Pigment YelloW 36) and strontium (CI. 
Pigment YelloW 32) chromate pigments are typically used, 
although higher-solubility calcium and magnesium chro 
mates have also seen some limited use as pigments. The 
coating vehicles of these pigments include alkyd-type prim 
ers, acrylic primers, and elastomeric sealants, among others. 
Some transition metal chromate pigments (e.g., complexed 
With copper, iron, manganese, or cobalt) and organic chro 
mate pigments (e.g., bound With nitrogenous compounds 
such as guanidinium) have been used in protective coating 
systems. Barium or lead chromates have also been used as 
corrosion inhibitors, as Well as colorants. Variations in 
chromate speciation (i.e., What the chromate ions are bound 
to) Will result in signi?cant differences in protection When 
used as corrosion-inhibiting pigments, due to differences in 
chromate solubility. 

[0006] A clear correlation betWeen performance and solu 
bility of chromate pigments has been shoWn. HoWever, 
oxidiZing chromates can be dangerous to use as corrosion 
inhibitors if they are not delivered in sufficient quantity in a 
timely manner to the location of a coating breach. The 
chromate composition Was far more important to the corro 
sion-inhibiting performance of the primer ?lm than the 
organic coating composition. 

[0007] A principle use of Zinc and strontium chromate 
pigments is in Wash- or etch-primer formulations for alu 
minum protection. Wash- or etch-primers, Which have been 
used since the 1940s, represent one of the harshest applica 
tion conditions for chromate pigments. Wash-primers are 
applied to metal surfaces under acidic conditions Where the 
primer is cured as a corrosion-inhibiting ?lm. Chromate 
pigment poWders dispersed in an alcohol/resin base mixture 
are combined With an aqueous phosphoric acid diluent 
solution. The acid roughens the metal surface and initiates 
cross-linking of the resin to form a pigment-?lled polymeric 
?lm. The chromate pigment may also be dispersed in other 
carriers that are not as harsh as the Wash primer. HoWever, 
if a corrosion-inhibiting pigment can survive the harsh 
conditions of acid diluent, then it can usually be successfully 
incorporated Within other paint, polymeric, or barrier ?lm 
systems for corrosion inhibition. 
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[0008] An important use of chromate pigments is in coil 
coating formulations for steel, Zinc-coated steel, or alumi 
num sheet stock. Coil coatings can represent a challenging 
application environment for pigments in that cure tempera 
tures for these paints can exceed 100° C. Corrosion-inhib 
iting pigments for these applications must exhibit both 
throWing poWer to inhibit corrosion and be thermally stable 
at elevated temperatures When incorporated into the paint. 

[0009] The use of hexavalent chromium pigments alloWs 
a broad range of service conditions to be addressed by 
tailoring the solubility of the pigment to the application 
needs. Signi?cant efforts have been made in government and 
industry to replace CrVI With other metals for corrosion 
inhibiting applications due to toxicity, environmental, and 
regulatory considerations. An effective replacement for 
hexavalent chromate pigment needs to have throWing poWer 
for self-healing coating breeches. “Throwing poWer” is the 
ability of a highly oxidiZed ion, such as hexavalent chro 
mium, to oxidiZe and passivate the exposed bare metal in a 
small scratch or ?aW. 

[0010] A number of materials have been introduced as 
corrosion-inhibiting replacement pigments for hexavalent 
chromium-based compounds. Commercially available cor 
rosion-inhibiting pigments including compounds such as 
molybdates, phosphates, silicates, cyanamides, and borates, 
Which have no inherent oxidiZing character, have been used 
as alternatives to chromate pigments. Coatings that contain 
these materials can effectively inhibit corrosion as barrier 
?lms until the coating is breached, as by a scratch or other 
?aW. Films or coatings that do not contain oxidiZing species 
can actually enhance corrosion on a surface after failure due 
to the effects of crevice corrosion. 

[0011] Cerium is one non-toxic, non-regulated metal that 
has been considered as a chromium replacement. Cerium 
(like3 chromium) exhibits more than one oxidation state 
(Ce and Ce+4). In addition, the oxidation-reduction poten 
tial is comparable to that of CrVI in acidic solutions. For 
example, in acid solution: 

[0012] The CeIV ion is a very good oxidiZing species With 
an oxidation-reduction potential of +1.72 V (at pH 0). The 
hydroxyl and oxygen liberated from Water When CeIV is 
reduced Will oxidiZe nearby bare metal. This results in a 
passivated metal surface if suf?cient oxygen is released. The 
potential required to reduce tetravalent cerium to trivalent 
cerium is only 0.36 volts greater than that needed to add 
three electrons to reduce CrVI to trivalent chromium (CrIII). 
CeIII is formed during corrosion inhibition by the oxidation 
of base metal in the presence of CeIV and Water. CeIII is 
similar to CrIII in that neither is particularly effective as a 
redox-based corrosion inhibitor. 

[0013] Praseodymium and terbium also exhibit more than 
one oxidation state (Pr+3 and Pr“; Th+3 and Th“). Tetrava 
lent praseodymium and terbium are even stronger oxidiZing 
agents than cerium (With calculated redox potentials of +3.2 
V in acidic solution (Nugent, L. J., et al., J. Inorg. Nucl. 
Chem. 33: 2503-2530, 1971): 

[0014] The potential required to reduce PrIV to PrIII or 
TbIV to TbIII is over 1.8 volts greater than that to add three 
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electrons to reduce CrVI to trivalent chromium (CrIII). PrIII 
or TbIII are formed during corrosion inhibition by the 
oxidation of base metal in the presence of PrIV or TbIV and 
Water. PrIII and TbIII are similar to CrIII in that neither is 
particularly effective as a redox-based corrosion inhibitor. 

[0015] A number of pigments using cerium, terbium, 
and/or praseodymium have been reported in the literature, 
but none approach the general performance or utility of 
CrVI-based pigments. Tetravalent cerium oxide (CeO2) and 
hydrated oxide pigments have been disclosed for corrosion 
protective coatings. HoWever, the coatings formed provide 
only limited protection and do not approach the bene?t 
derived from the use of hexavalent chromium. 

[0016] A number of compounds have been described as 
cerium-, terbium-, or praseodymium-containing colorants or 
corrosion-inhibiting agents, including aZo dyes, amidosul 
fonic acid derivatives, triaZinedithiols, and triaZinetrithiols. 
HoWever, the rare earth is alWays described as being in the 
trivalent charge state. The pigments formed from these 
compounds provide only limited corrosion protection and do 
not approach the bene?t derived from the use of hexavalent 
chromium. 

[0017] Examples of the use of tetravalent cerium oxide 
pigments include Netherlands Application No. 6,601,070 to 
Associated Lead Manufacturers Ltd. (see Chemical 
Abstracts, vol. 65, col. 18303 (1966) (Abstract)) and US. 
Pat. No. 2,763,569 to Bradstreet et al. In addition, combi 
nations of cerium oxides With transition or alkaline earth 
metal oxides are described as pigments in US. Pat. No. 
2,661,336 to Lederer and Us. Pat. No. 5,389,402 Speer et 
al., European Application No. EP 0 803 471 A2 to Degussa 
Aktiengesellschaft, and Us. application Publication Ser. 
No. 2002/0,034,644 A1 by SWiler et al. The pigments are 
described as being colorants or polishing additives. 

[0018] Rare earth sul?des have also been described as 
colorant pigments. Examples include European Patent No. 
EP 0 680 930 B1 to Rhodia Chimie; US. Pat. No. 6,221,473 
B1 to Aubert et al.; and PCT International Application Nos. 
WO 00/00431 and WO 00/73210 A1 to Rhodia Chimie, and 
WO 01/42371 A1 and WO 01/74714 A1 to Rhodia Terres 
Rares. 

[0019] Cerium and alkali- or alkaline-earth molybdates 
have been described as colorant pigments in PCT Interna 
tional Application No. WO 98/00367 to Rhone Poulenc 
Chimie. Cerium and alkali- or alkaline-earth titanates have 
also been described as colorants in US. Pat. No. 6,294,011 
B1 to Hedouin et al. French Patent No. 2 785 896 to Rhodia 
Chimie describes the use of cerium (both trivalent and 
tetravalent) stannate as colorant pigments. Finally, US. Pat. 
No. 6,352,678 to Huguenin et al. describes the use of rare 
earth borates as luminophoric pigments. 

[0020] Examples of trivalent cerium complexed With 
organic reagents include US. Pat. No. 5,167,709 to Shino 
hara, et al. British Patent No. 1,131,104 to Cooper et al., and 
British Patent No. 565,951 to Kvalnes et al. These pigments 
are described as colorants. Japanese Patent No. 9-188827 to 
Oshiumi et al. describes the formation of a colorant pigment 
formed by the action of cerium oxide or tetravalent cerium 
sulfate With organic dyes. 
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[0021] Japanese Patent No. 2-49075 to Yoneda, et al. 
describes the use of heteropoly acids containing cerium 
(among other metals) as being useful for antistatic coatings. 
PCT International Application No. WO 00/49098 to Rhodia 
Chimie describes the use of cerium oxide With organic 
liquids and ampophilic compounds to produce a sol Which 
can be used as diesel fuel additives or for cosmetics. 

[0022] Japanese Patent No. 6-101075 to Okuda et al. 
describes the use of trivalent cerium phosphate compound 
(among other phosphates) as an anticorrosive compound. 
Similarly, US. Pat. No. 5,006,588 to Miller describes the 
use of cerous (trivalent cerium) molybdate as a corrosion 
and crack groWth inhibitor for use in coating and sealing 
compositions. US. Pat. No. 5,322,560 to DePue et al. 
describes the use of trivalent cerium acetate or molybdate as 
an anticorrosive agent for aluminum ?ake. The commonality 
betWeen all three of these patent references is the use of 
trivalent cerium compounds. Trivalent cerium compounds 
utiliZed as pigments offer minimal corrosion protection due 
to lack of throWing poWer. 

[0023] US. Pat. No. 6,096,139 to Shimakura et al. 
describes the use of triaZinethiol derivatives in combination 
With metal ions as chrome-free anticorrosive coatings. The 
use of cerium is described (among other metals), but not the 
use of tetravalent cerium. 

[0024] The use of colloidal suspensions of tetravalent 
cerium oxide (CeO2) in anticorrosive coatings is described 
in US. Pat. Nos. 5,922,330 and 5,733,361 to Chane-Ching 
et al.; and PCT International Application Nos. WO 96/26255 
to Rhone Poulenc Chimie, and WO 01/36331 A1 and WO 
01/38225 A1 to Rhodia Terres Rares. CeO2 exhibits a 
solubility that is too loW for effective release of corrosion 
inhibiting tetravalent cerium ions, implying that the anticor 
rosive effects of these colloidal suspensions is inferior to that 
described in the current art. Pigments are not typically used 
as aqueous colloidal suspensions. 

[0025] US. application Ser. No. 432,610 ?led Oct. 4, 1982 
(see Nonferrous Metals, vol. 99, No. 56, p. 297 (1983) 
(Abstract)) describes the use of sodium dichromate, sodium 
tetraborate, sodium nitrite, sodium molybdate, ammonium 
hexanitratocerate, potassium hexachloropalladate, and lan 
thanum nitrate as crack-arresting compounds for high 
strength alloys. These compounds are used in conjunction 
With methyl trialkyl (Cs-C10) ammonium chloride and tri 
capryl (C6) methyl ammonium chloride as phase transfer 
catalysts for the organic phase. These compositions are not 
applied as pigments, but rather as hydrocarbon-Washes. 

[0026] US. Pat. No. 5,866,652 to Hager et al. describes 
the use of polymeric or sol-gel ?lms in conjunction With 
mixtures of rare earth esters (such as acetates or oxalates), 
vanadates of alkali or alkaline earths, and alkali borates to 
provide corrosion protection. In other embodiments, the use 
of a rare earth chloride is described. HoWever, Hager er al. 
do not describe cerium in the tetravalent oxidation state as 
being necessary to impart corrosion protection. 

[0027] An aqueous dispersion of a cerium compound With 
other rare earth elements, transition metals, aluminum, gal 
lium, or Zirconium is described for anticorrosive agents in 
PCT International Application No. WO 01/55029 A1 to 
Rhodia Terres Rares. Similarly, an aqueous dispersion of 
cerium oxide in combination With additives such as beta 
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diketones, alpha-hydroxycarboxylic acids, beta-hydroxycar 
boxylic acids, or diols is described for anticorrosive agents 
in US. Pat. No. 6,033,677 to Cabane et al. Neither of these 
references de?ne the need for cerium to be in the tetravalent 
oxidation state to achieve anticorrosive effects. Pigments are 
not typically used as aqueous colloidal suspensions. 

[0028] US. application Publication Ser. No. 2003/0,024, 
432 A1 by Chung et al. describes an anti-corrosive surface 
treatment comprising, inter alia, an organometallic com 
pound that can include cerium (i.e., cerium acetate hydrate, 
cerium acetylacetonate hydrate, cerium 2-ethylhexanolate, 
i-propoxycerium, cerium stearate, and cerium nitrate). The 
disclosed coating is an anti-corrosive sol-gel that produces 
an adhesive ?lm interface betWeen a metal surface and an 
organic matrix resin or adhesive. In addition, U.S. applica 
tion Publication Ser. No. 2003/0,019,391 A1 by Kendig 
describes a corrosion inhibitor comprising an oxo-anion and 
a cation that is capable of inhibiting the propagation of pit 
corrosion on the surface of coated metal substrates, Which 
coating can comprise a pigment. The cation can be a rare 
earth metal including cerium and praseodymium, inter alia. 
HoWever, neither Kendig nor Chung et al. describe the need 
for cerium to be in the tetravalent oxidation state for 
corrosion inhibition. 

[0029] US. Pat. No. 6,338,876 B1 to Ishii et al. discloses 
a process for hydrophilic treatment of an aluminum material 
comprising a primary step, Wherein the primer contains the 
nitrate or related compound of a metal selected from alu 
minum, Zirconium, cerium, chromium, and iron. The nitrate 
or related compound of a metal forms primer ?lms that are 
corrosion-resistant, colorless, and transparent. 

[0030] Finally, US. Pat. No. 6,428,846 B1 to Kaupp et al. 
discloses a process for producing a corrosion-stable alumi 
num-based metal pigment. In accordance With this process, 
a passivating protective layer is applied on the free metal 
surfaces of the pigment, Which protective layer can comprise 
at least one of the folloWing elements Al, Sn, Ti, V, Cr, Mo, 
Zn and Ce. HoWever, tetravalent cerium is not described. 

[0031] To date, no truly effective replacements have been 
developed for pigments based on CrVI. Accordingly, the 
need remains for improved corrosion-protective pigments 
composed of currently unregulated and/or nontoxic materi 
als Which have an effectiveness, ease of application, and 
performance comparable to current CrVI pigment formula 
tions, and for methods of making and using the same. 

SUMMARY OF THE INVENTION 

[0032] This need is met by the present invention Which 
represents a signi?cant improvement in the formulation of 
non-toxic pigments through the use of tetravalent cerium, 
praseodymium, or terbium. Although the present invention 
is not limited to speci?c advantages or functionality, it is 
noted that the tetravalent cerium, praseodymium, or terbium 
pigments of the present invention have been demonstrated 
With accelerated corrosion testing to retard corrosion to a 
higher degree than other knoWn cerium, praseodymium, or 
terbium pigments and other alternatives to CrVI-based cor 
rosion-inhibiting pigments. These pigments have been tested 
to inhibit corrosion to the same degree as Zinc and strontium 
chromate-based CrVI pigments. The raW materials are not 
exotic, are relatively inexpensive, and do not require com 
plicated synthesis methods. 
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[0033] The present invention utilizes “valency stabiliZa 
tion” of the tetravalent cerium, praseodymium, or terbium 
ions in the as-formed pigments to achieve corrosion resis 
tance comparable to chromate-based CrVI pigments. More 
speci?cally, in order to achieve a high degree of corrosion 
resistance, the CeIV-, PrIV-, or TbIV-based pigment exhibits 
the folloWing characteristics: 

[0034] 1) The corrosion-inhibiting pigment contains a 
suitable source of oxidiZing species. These species quickly 
oxidiZe bare metal and form a protective surface if bare 
metal is exposed in a coating breach. 

[0035] 2) A valence stabiliZer for the tetravalent cerium, 
praseodymium, or terbium ion is employed to ensure that the 
ion Will not be reduced too quickly to the trivalent state 
When released into solution or in the coating. Stabilizing the 
cerium, praseodymium, or terbium ion in its tetravalent 
charge state Was not previously recogniZed as important to 
the corrosion-inhibiting function of a pigment. 

[0036] 3) The CeIV, PrIV, or TbIV pigment poWder is a 
“sparingly soluble” compound in Water When dispersed in its 
binder-carrier system. If the pigment is too insoluble in a 
selected coating system that requires inhibitor release, an 
insuf?cient amount of corrosion inhibitor Will be delivered 
to a ?aW. Apoorly formed, incomplete oxide layer produced 
by a pigment of too loW solubility for a given binder-carrier 
system Will not only fail to inhibit corrosion, but can 
promote crevice corrosion and result in locally enhanced 
corrosion rates. 

[0037] The reservoir of oxidiZing ions can be quickly 
?ushed aWay if the pigment is too soluble, and typical 
corrosion Will begin. Highly soluble pigments are also 
knoWn to result in osmotic blistering of paint ?lms and 
coatings. Tetravalent cerium, praseodymium, or terbium 
pigments that are too soluble can also be responsible for 
osmotic blistering depending on the aqueous permeability of 
the carrier ?lm. 

[0038] It is difficult to place speci?c solubility values to 
these optimum “sparingly soluble” pigment materials 
because there appear to be several variables associated With 
What makes an optimum anticorrosive pigment material 
(e.g., speci?c resin/binder system in Which it is placed). If 
the tetravalent cerium, praseodymium, or terbium pigment 
exhibits solubilities in Water of betWeen about 1x10‘4 and 
about 1x10“1 moles per liter of tetravalent cerium, praseody 
mium, or terbium, then appreciable corrosion inhibition Will 
be observed in the binder systems that typically incorporate 
Zinc or strontium chromates. Pigments that incorporate 
stabiliZed tetravalent cerium, praseodymium, or terbium 
compounds that fall outside of this particular range may also 
exhibit some corrosion inhibition. For example, pigments 
With solubilities as high as 1><10O moles per liter or as loW 
as 1x10“5 moles per liter of tetravalent cerium, praseody 
mium, or terbium at standard temperature and pressure 
(about 25° C. and about 760 Torr) Will exhibit some corro 
sion resistance in certain binder systems, although not as 
great as those compounds Which fall Within the optimum 
solubility range. The solubility characteristics of the tetrava 
lent cerium, praseodymium, or terbium in the pigment can 
be controlled through the use of valence stabiliZer materials 
that form compounds that fall Within the desired solubility 
range. A “controlled release” of tetravalent cerium, 
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praseodymium, or terbium can thus be achieved similar to 
the “timed release” of hexavalent chromium in the “state 
of-the-art” systems. 

[0039] 4) The “valence stabiliZer” optionally helps estab 
lish an electrostatic barrier layer around the cation-stabiliZer 
compound in aqueous solutions. The nature and character of 
the electrostatic double-layer surrounding the cation-stabi 
liZer compound may be controlled and modi?ed by careful 
selection of stabiliZer species. In general, the electrostatic 
double layer formed acts to protect the cation from prema 
ture reaction With hydronium, hydroxide, and other ions in 
solution. The formation of electrostatic barrier layers also 
helps to impede the passage of corrosive ions through the 
binder phase to the metallic surface. 

[0040] 5) The tetravalent cerium, praseodymium, or ter 
bium pigment material may also exhibit ion exchange 
behavior toWards corrosion promoting ions, particularly 
alkali species. This optional consideration can be important 
because alkali ions are aggressive aqueous corrosion 
enhancers in alloys that contain metals such as aluminum, 
magnesium, or Zinc. 

[0041] 6) The cerium, terbium, or praseodymium/valence 
stabiliZer complex can optionally exhibit a color change 
betWeen the tetravalent and trivalent oxidation states. This 
color change can act as a metric to determine When the 
“throWing poWer” associated With the pigments is no longer 
available, and When the paint system in Which it is contained 
needs to be replaced. For this reason, it is also optionally 
important that the color of these pigments that exhibit a color 
change betWeen trivalent and tetravalent oxidation states is 
light-fast (i.e., not changed by exposure to strong light). 

[0042] The effectiveness of an oxidiZing species is a 
function of its individual oxidation-reduction potential, and 
more highly oxidiZed species exhibit greater corrosion pro 
tection, although loWer stability. A stabiliZer is necessary to 
provide a timed release of the inhibitor ion, as Well as being 
needed to ensure that the oxidative strength Will not be 
reduced too rapidly. Thus, a valence stabiliZer is needed for 
the tetravalent cerium, praseodymium, or terbium ion 
because of its reactivity and to produce controlled tetrava 
lent cerium, praseodymium, or terbium solubilities. The 
corrosion resistance of a number of aluminum alloys as 
tested using both ASTM B-117 and ASTM G-85 has been 
enhanced through the use of stabiliZed tetravalent cerium, 
praseodymium, or terbium pigments. Not only do these 
optimiZed pigments retard corrosion to a higher degree than 
other prior art cerium, praseodymium, or terbium pigments, 
but their corrosion resistance is comparable to that of 
hexavalent chromium systems. 

[0043] In one aspect, the invention comprises a mecha 
nistic and chemical approach to the production of corrosion 
inhibiting pigments using tetravalent cerium, praseody 
mium, or terbium. This approach uses stabiliZer materials 
Which form compounds With tetravalent cerium, praseody 
mium, or terbium that are sparingly soluble in aqueous 
solution typically in a range of approximately 1x10‘1 to 
1x10 moles/liter of tetravalent cerium, praseodymium, or 
terbium. This solubility range provides a release of tetrava 
lent cerium, praseodymium, or terbium at a rate sloW enough 
that most binder systems Will provide protection for an 
extended period of time and fast enough to inhibit corrosion 
during conventional accelerated corrosion testing methods 
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such as ASTM B-117 and G-85. Compounds that fall 
slightly outside of this solubility range (as high as 1><10O to 
as loW as 5x10“5 moles/liter of tetravalent cerium, praseody 
mium, or terbium) may also provide some corrosion-inhib 
iting activity under certain conditions and binder systems. 
HoWever, pigment compounds With aqueous solubilities far 
outside of the target range are likely to be inef?cient 
corrosion inhibitors. Solubility control can be achieved 
using organic or inorganic stabiliZer materials. 

[0044] In an optional aspect, the invention is the achieve 
ment of corrosion-resistant pigments using tetravalent 
cerium, praseodymium, or terbium by the use of stabiliZer 
materials Which form compounds that exhibit electrostatic 
dipoles to form electrostatic barrier layers composed of ions 
such as hydronium (H3O3O ) or hydroxide (OH‘) in the 
presence of Water. The formation of these electrostatic 
barrier layers through the use of stabiliZer materials can be 
achieved using organic or inorganic materials. 

[0045] In another optional aspect, the invention is the 
achievement of corrosion-resistant pigments using tetrava 
lent cerium, praseodymium, or terbium by the use of stabi 
liZer materials Which form compounds that exhibit ion 
exchange behavior toWards alkali ions. The formation of this 
ion exchange behavior can be achieved through the use of 
organic or inorganic materials. 

[0046] In yet another optional aspect, the decomposition 
temperature of the tetravalent cerium, terbium, or praseody 
mium/valence stabiliZer complex upon Which the pigment is 
based should be above about 100° C. In addition, the melting 
temperature of the complex is typically above about 50° C., 
although loWer-melting complexes may have some applica 
tions. 

[0047] In still another optional aspect, the cerium, ter 
bium, or praseodymium/valence stabiliZer complex upon 
Which the pigment is based should exhibit a color change 
betWeen the tetravalent and trivalent oxidation states. This 
alloWs for a visual metric of When the pigment has lost its 
“throWing poWer”, and the binder system Within Which it is 
contained must be replaced. Therefore, it is desirable that the 
color of these pigments be light-fast. 

[0048] These CeIV, PrIV, or TbIV compounds represent a 
substantial performance improvement over prior art related 
to pigment alternatives (including those based on cerium) 
used to replace CrVI-based corrosion-inhibiting pigments. 
They also provide a capability to tailor the corrosion 
inhibiting pigment to the carrier system. This alloWs current 
binder/resin systems used for chromates to be used for 
CeIV-, PrIV-, or TbIV-based systems Without modi?cation. 
Likewise, neW binder/carrier/resin systems With improved 
physical properties can be developed Without the restriction 
of compatibility With Zinc or strontium chromate pigments. 

[0049] The raW materials needed for the solutions used to 
form these coatings are relatively inexpensive. The pigments 
do not use exotic materials or require complicated synthesis 
methods. 

[0050] Accordingly, it is an object of the present invention 
to provide non-toxic, corrosion-protective pigments based 
on tetravalent cerium, praseodymium, or terbium and meth 
ods of making and using the same. These and other objects 
and advantages of the present invention Will be more fully 
understood from the folloWing detailed description of the 
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invention. It is noted that the scope of the claims is de?ned 
by the recitations therein and not by the speci?c discussion 
of features and advantages set forth in the present descrip 
tion. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0051] A. Starting Materials 

[0052] Four general starting materials are used for the 
preparation of tetravalent cerium, praseodymium, or terbium 
corrosion-inhibiting pigments. These include a cerium, 
praseodymium, or terbium source, an oxidation source (if 
the precursor is a trivalent cerium, praseodymium, or ter 
bium salt), a valence stabiliZer source, and optional addi 
tional solubility control agents. 

[0053] 1) Cerium, Praseodymium, or Terbium Source 

[0054] Cerium, praseodymium, and terbium are nontoxic, 
non-regulated replacement metals for chromium that exhibit 
more than one oxidation state (CeIII and CeIV, as Well as 
PrIII and PrIV, or TbIII and TbIV). The oxidation-reduction 
potential for CeIV-CeIII is comparable to that of the CrVI 
CrIII couple, and the oxidation-reduction potentials for 
PrIV-PrIII or TbIV-TbIII are much higher than the CrVI 
CrIII couple. The ionic radii of CeIV (87 pm), PrIV (85 pm), 
and TbIV (76pm) are larger than the CrVI ion (44 pm), and 
they Will have a correspondingly loWer charge density 
(electrostatic ?eld) per ion as compared to hexavalent chro 
mium. These factors are important in the selection and 
design of tetravalent cerium, praseodymium, or terbium 
compounds that match or exceed the performance of 
hexavalent chromium pigments. Forming a compound With 
the aqueous solubility required of a corrosion-inhibiting 
pigment is problematic because of the need to retain its 
oxidation state on drying and later during exposure to the 
corrosive environment. 

[0055] 
[0056] Cerium precursors can be nearly any Water, alco 
hol, or hydrocarbon soluble cerium compound in Which the 
cerium has either a trivalent or tetravalent oxidation state. 
Water-soluble precursors are typically used. Inorganic triva 
lent cerium (“cerous”) precursor compounds include, but are 
not limited to, cerous nitrate, cerous sulfate, cerous perchlo 
rate, cerous chloride, cerous ?uoride, cerous bromide, cer 
ous iodide, cerous bromate, and complex ?uorides such as 
cerous ?uosilicate, cerous ?uotitanate, cerous ?uoZirconate, 
cerous ?uoborate, and cerous ?uoaluminate. Organometallic 
trivalent cerium precursor compounds include, but are not 
limited to, cerous formate, cerous acetate, cerous propionate, 
cerous butyrate, cerous glycolate, cerous lactate, cerous 
sulfonate, cerous alkylsulfonate, cerous alkoxysulfonate, 
cerous aromatic sulfonate, cerous aromatoxysulfonate, cer 
ous sulfamate, cerous alkylphosphates, and cerous acetylac 
etonate. Complex trivalent cerium precursor compounds 
include, but are not limited to, ammonium cerous sulfate, 
ammonium cerous nitrate, ammonium cerous oxalate, mag 
nesium cerous nitrate, magnesium cerous sulfate, alkali 
cerous nitrate, and alkali cerous sulfate. 

a) Cerium Sources for Anticorrosive Pigments 

[0057] The cerium precursor may also be a compound 
With cerium already in the tetravalent oxidation state 
(“ceric”). These compounds include, but are not restricted 
to, ceric chloride, ceric ?uoride, ceric perchlorate, ceric 
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sulfate, ceric nitrate, ceric acetate, ceric propionate, ceric 
butyrate, ammonium ceric nitrate, ammonium ceric sulfate, 
magnesium ceric nitrate, magnesium ceric sulfate, alkali 
ceric nitrate, and alkali ceric sulfate. 

[0058] Insoluble trivalent or tetravalent cerium com 
pounds may be acceptable in some syntheses. Examples of 
insoluble trivalent cerium compounds include cerous car 
bonate, cerous phosphate, cerous sul?de, cerous ?uorocar 
bonate, cerous benZoate, cerous oxalate, cerous malonate, 
cerous tartrate, cerous malate, cerous citrate, cerous thiocy 
anate, cerous salicylate, cerous oxide, and cerous hydroxide. 
Examples of insoluble tetravalent cerium precursors are 
ceric oxide, ceric hydroxide, and ceric sul?de. 

[0059] b) Praseodymium Sources for Anticorrosive Pig 
ments 

[0060] Praseodymium precursors can be nearly any Water, 
alcohol, or hydrocarbon soluble praseodymium compound 
in Which the praseodymium has a trivalent oxidation state. 
Water-soluble precursors are typically used. Inorganic 
praseodymium precursor compounds include, but are not 
limited to, praseodymium nitrate, praseodymium sulfate, 
praseodymium perchlorate, praseodymium chloride, 
praseodymium ?uoride, praseodymium bromide, praseody 
mium iodide, praseodymium bromate, and complex ?uo 
rides such as praseodymium ?uosilicate, praseodymium 
?uotitanate, praseodymium ?uoZirconate, praseodymium 
?uoborate, and praseodymium ?uoaluminate. Organometal 
lic praseodymium precursor compounds include, but are not 
limited to, praseodymium formate, praseodymium acetate, 
praseodymium propionate, praseodymium lactate, 
praseodymium benZenesulfonate, and praseodymium acety 
lacetonate. Complex praseodymium precursor compounds 
include, but are not limited to, ammonium praseodymium 
sulfate, ammonium praseodymium nitrate, magnesium 
praseodymium nitrate, magnesium praseodymium sulfate, 
alkali praseodymium nitrate, and alkali praseodymium sul 
fate. 

[0061] Insoluble trivalent praseodymium compounds may 
be acceptable in some syntheses. Examples of insoluble 
trivalent praseodymium compounds include praseodymium 
carbonate, praseodymium phosphate, praseodymium sul 
?de, praseodymium benZoate, praseodymium tartrate, 
praseodymium oxalate, praseodymium malonate, praseody 
mium malate, praseodymium citrate, praseodymium thiocy 
anate, praseodymium salicylate, praseodymium hydroxide, 
and praseodymium III oxide (Pr2O3). Examples of insoluble 
tetravalent praseodymium precursors are praseodymium IV 
oxide, including both PrO2 and Pr6O11. 

[0062] c) Terbium Sources for Anticorrosive Pigments 

[0063] Terbium precursors can be nearly any Water, alco 
hol, or hydrocarbon soluble terbium compound in Which the 
terbium has a trivalent oxidation state. Water-soluble pre 
cursors are typically used. Inorganic terbium precursor com 
pounds include, but are not limited to, terbium nitrate, 
terbium sulfate, terbium perchlorate, terbium chloride, ter 
bium ?uoride, terbium bromide, terbium iodide, terbium 
bromate, and complex ?uorides such as terbium ?uosilicate, 
terbium ?uotitanate, terbium ?uoZirconate, terbium ?uobo 
rate, and terbium ?uoaluminate. Organometallic terbium 
precursor compounds include, but are not limited to, terbium 
formate, terbium acetate, terbium propionate, terbium lac 
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tate, terbium benZenesulfonate, and terbium acetylacetonate. 
Complex terbium precursor compounds include, but are not 
limited to, ammonium terbium sulfate, ammonium terbium 
nitrate, magnesium terbium nitrate, magnesium terbium 
sulfate, alkali terbium nitrate, and alkali terbium sulfate. 

[0064] Insoluble trivalent terbium compounds may be 
acceptable in some syntheses. Examples of insoluble triva 
lent terbium compounds include terbium carbonate, terbium 
phosphate, terbium sul?de, terbium benZoate, terbium tar 
trate, terbium oxalate, terbium malonate, terbium malate, 
terbium citrate, terbium thiocyanate, terbium salicylate, ter 
bium hydroxide, and terbium III oxide (Tb2O3). Examples 
of insoluble tetravalent terbium precursors are terbium IV 
oxide, including both TbO2 and Tb4O7. 

[0065] d) Mixed Cerium, Praseodymium, and Terbium 
Sources 

[0066] It is also possible to use mixtures of cerium, 
praseodymium, and/or terbium sources as feedstock for 
material preparation. Inclusion of other rare earths (such as 
yttrium, lanthanum, or neodymium) that cannot be oxidiZed 
to the tetravalent state is also permissible. Additionally, 
minerals that serve as ores for rare earths are ideal source 
materials for this application. For example, sulfuric acid is 
often applied to rare earth ores to separate the rare earth 
mixtures (REM) from native rock. If these sulfuric acid 
extracts Were in turn to be supplied With oxidiZers and 
valence stabiliZers, source material for this application is 
achieved. Examples of rare earth-containing minerals suit 
able for this application are bastnaesite [(REM)CO3F], 
monaZite [(REM)PO4], xenotime [(REM)PO4], loparite 
[(REM,Na,Ca)(Ti,Nb)O3], lanthanite [(REM)2(CO3)3], 
rhabdophane [(REM)PO4], fergusonite [(REM)NbO4], 
cebaite [Ba3(REM)2(CO3)5F2], aeschynite [(Ca,REM)(Ti, 
Nb)(O,OH)6], lucasite [(REM)Ti2(O,OH)6], stillWellite 
[(REM,Ca)BSiO5], samarskite [(REM,Fe)3(Nb,Ta,Ti)5O16], 
parisite [Ca(REM)2(CO3)3F2], gadolinite 
[Be2Fe(REM)2Si2O1O], ?uocerite [(REM)F3], cerianite 
[(REM)O2_3), churchite [(REM)PO4], or combinations 
thereof. 

[0067] e) ThroWing PoWer of Tetravalent 
Praseodymium and Terbium Compounds 

[0068] CeIV, PrIV, and TbIV are capable of providing 
corrosion protection at a distance to a metal surface in the 
presence of coating ?aWs such as scrapes, scratches, and 
holes because of their throWing poWer. The solubility of the 
CeIV, PrIV, or TbIV compound can be tailored to suit the 
needs of the protection system and should be neither too 
high, nor too loW in that system. The protective system 
includes the binder phase, assorted modi?ers, and under 
and over-coatings. The system can be performance matched 
to its intended usage environment. Timely release and 
throWing poWer of the inhibitor are basic to protective 
performance, but controlled tailoring of these characteristics 
has not been taught in the prior art. LikeWise, the body of 
systematic chemistry data needed to control these properties 
has not been readily available in a form useful to help design 
coatings. The present invention outlines hoW to stabiliZe 
CeIV, PrIV, and TbIV With a variety of materials so the 
CeIV, PrIV, and TbIV may be adapted to a multitude of 
pigment applications With speci?c compatibility require 
ments. 

[0069] 2) Oxidation Source 

[0070] If CeIV, PrIV, or TbIV pigment compounds are 
produced via precipitation, an oxidiZing species Will typi 

Cerium, 
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cally be included in the synthesis solution if trivalent com 
pounds are used as precursors for CeIV, PrIV, and TbIV. 
OtherWise, a post-precipitation oxidation step Will be nec 
essary. Additional amounts of oxidiZer may be added to help 
control and maintain a desired amount of CeIV, PrIV, or 
TbIV in the pigment solution by reoxidiZing CeIV, PrIV, or 
TbIV that has become reduced. The tetravalent cerium ion is 
an exceptionally good oxidizing species With an oxidation 
reduction potential of +1.72 V at a pH of 0 for the CeIV 
CeIII couple in Water, and the tetravalent praseodymium and 
terbium ions are even stronger oxidiZing species, With redox 
potentials of approximately +3.2 V under similar conditions. 
Strong oxidiZers are utiliZed because of the high potential of 
their redox reaction. The oxidiZers may be gases, liquids, or 
solids. Solid oxidiZers are typically used for this application 
due to ease of handling and reagent measurement. Other 
starting materials (cerium, praseodymium or terbium source 
and stabiliZer source) Will also frequently be solids. Liquid 
oxidiZers may be used, but handling and accurate process 
metering have proven difficult. Gaseous oxidiZers may be 
the most cost effective and chemically ef?cient on a large 
scale, but are also the most problematic due to handling and 
venting concerns. 

[0071] OxidiZers suited for the purpose of producing and 
maintaining the cerium, praseodymium, or terbium ions in 
the tetravalent charge state include, but are not restricted to, 
peroxides and peroxo compounds (including superoxides, 
persulfates, perborates, pernitrates, perphosphates, percar 
bonates, persilicates, peraluminates, pertitanates, perZircon 
ates, permolybdates, pertungstates, pervanadates, and 
organic peroxyacid derivatives), oZone, hypochlorites, chlo 
rates, perchlorates, nitrates, nitrites, vanadates, iodates, 
hypobromites, chlorites, bromates, permanganates, perio 
dates, and dissolved gases such as oxygen, ?uorine, or 
chlorine. Inorganic and organic derivatives of these com 
pounds may be used. Typical oxidiZers for this use are 
peroxides, persulfates, perbenZoates, periodates, bromates, 
hypochlorites, gaseous dissolved oxygen, and even the oxy 
gen content of air. In general, any inorganic, organic, or 
combination species With an oxidation potential of+1.6 V or 
greater (at a pH of 1) Will be capable of oxidiZing trivalent 
cerium to the tetravalent oxidation state. To prepare tetrava 
lent praseodymium or terbium, extremely strong oxidiZers, 
preferably With an oxidation potential greater than +2.0 V (at 
a pH of 1) Will be adequate. 

[0072] OxidiZed cerium, praseodymium, or terbium may 
also be produced in solution by electrolytic oxidation. HoW 
ever, this approach may not be economically feasible due to 
the energy costs associated With electrolytic oxidation. 
Chemical oxidation, such as that described above, currently 
offers the best-value approach for oxidiZing cerium, 
praseodymium, or terbium to the tetravalent state. 

[0073] It is also possible to produce a trivalent cerium, 
terbium, or praseodymium/valence stabiliZer complex, and 
then apply an oxidiZer to oxidiZe to tetravalent cerium, 
terbium, or praseodymium. This, hoWever, is less typical 
because the percentage of tetravalent cerium, terbium, or 
praseodymium Will decrease from the outside to the interior 
of the pigment particle. 

[0074] 3) Valence Stabilizers 

[0075] Cerium, praseodymium, or terbium are effective as 
oxidative corrosion inhibitors if they can be supplied in 
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sufficient quantities in the tetravalent charge-state When 
brought into contact With unprotected bare metal. Corrosion 
resistance comparable to that of CrVI can be achieved by the 
use of CeIV, PrIV, or TbIV oxidiZer ions in pigment com 
pounds. Valence stabiliZers are materials that, When 
assembled, modify the rate of reduction and the solubility of 
the CeIV, PrIV, or TbIV ions. Valence stabiliZation has not 
been previously recogniZed as an important consideration in 
the development of effective corrosion-inhibiting pigments. 
StabiliZation helps avoid reduction and premature conver 
sion of the ion to the trivalent charge-state during compound 
formation, carrier incorporation, application, and exposure 
to a corrosive environment. StabiliZers control solubility, 
mobility, ion exchange, binder compatibility, and the degree 
of surface Wetting. The exact solubility of this compound 
may be modi?ed by species released into solution by the 
dissolving metal surface or by the subsequent addition of 
solubility control agents. Avariety of inorganic and organic 
stabiliZers are available that can serve to control solubility. 

The stabiliZer may also act as an ion-exchange host and/or 
trap for alkali or halide ions in solution. 

[0076] Valence stabiliZation is necessary for CeIV, PrIV, 
and TbIV due to the reactivity of these ions With Water. 
Unlike CeIII, PrIII, or TbIII, Which can readily be solubi 
liZed in Water, CeIV, PrIV, and TbIV ions rapidly react With 
Water, producing elemental oxygen. Valence stabiliZation is 
particularly useful for the more soluble CeIV, PrIV, and 
TbIV compounds (i.e., >1><10_5 moles/liter of inhibitor ion) 
Where more rapid release rates of these ions are necessary. 
For example, ceric oxide (CeO2) is so insoluble that its 
solubility has never been accurately determined. The more 
soluble “hydrated” ceric oxide (ceric hydroxide—Ce(OH)4) 
is reported to exhibit a solubility product in Water betWeen 
42x10“51 and 1.5><10_51, resulting in a cerium solubility of 
approximately 5x10‘12 moles/liter Ce+4 (see Tarayan, V. M. 
and EliaZyan, L. A., Im/est. Akaa'. NaukArmyan. S. S. R., Ser. 
Khim. Nauk 10: 189-93 (1957) in General and Physical 
Chemistry, vol. 2, col. 9722 (1958) (Abstract)). Similarly, 
tetravalent praseodymium oxide (Pr6O11) is reported to 
exhibit solubility in Water of 65x10“7 moles/liter Pr+4 (see 
Busch, W., Z. anorg. allgem. Chem. 161: 161-79 (1927) in 
Chemical Abstracts, vol. 21, p. 2412 (Abstract)). For these 
loW solubility compounds, oxygen (O) alone is a satisfactory 
“valence stabiliZer”, but the release rates of Ce+4 or Pr+4 are 
too loW to compare adequately to Cr+6 from Zinc or stron 
tium chromate. SpecialiZed valence stabiliZers are necessary 
for CeIV and PrIV compounds of solubilities higher than 
1x10’ moles/liter Ce+4 or Fr“. 

[0077] The solution to providing a useful source of tet 
ravalent cerium, praseodymium, or terbium at a metal sur 
face is the creation of a compound in Which the CeIV, PrIV, 
or TbIV ion is shielded from premature reduction during and 
after pigment formation. The formation of pigments With the 
proper release rate of CeIV, PrIV, or TbIV ions is problem 
atic because of the instability of CeIV, PrIV, and TbIV in 
solution. A valence stabiliZer must assemble around CeIV, 
PrIV, or TbIV to form a compound in order to produce the 
active corrosion-inhibiting component in a pigment. It is 
difficult to place speci?c solubility values to these optimum 
sparingly soluble pigments because of the Wide range of 
binder systems in Which corrosion-inhibiting pigments are 
used. 
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[0078] In order to replace the Zinc chromates or strontium 
chromate pigments, a CeIV-, PrIV-, or TbIV-stabiliZed com 
pound With a solubility in Water of betWeen about 1><10=31 
1 and about 1x10‘4 moles per liter of tetravalent cerium, 
praseodymium, or terbium should exhibit appreciable cor 
rosion inhibition When used as a primer pigment. This 
solubility range provides a release of tetravalent cerium, 
praseodymium, or terbium at a rate sloW enough that pro 
tection Will be provided for an extended period of time and 
fast enough to inhibit corrosion during conventional accel 
erated corrosion testing methods such as ASTM B-117 and 
G-85 for coatings that contain these pigments. Cerium, 
praseodymium, or terbium compounds that fall outside of 
this particular solubility range may exhibit a small degree of 
corrosion inhibition in the binder systems that currently use 
the Zinc or strontium chromate pigments. For example, 
compositions With solubilities as high as 1><10O moles per 
liter or as loW as 1x10‘5 moles per liter of tetravalent cerium, 
praseodymium, or terbium Will exhibit some corrosion resis 
tance, although they Will not be as effective as those com 
pounds Within the optimum solubility range. The common 
CeIV compounds, such as the perchlorate, ammonium ceric 
nitrate, and ammonium ceric sulfate are too soluble to 
provide effective corrosion inhibition if incorporated into a 
binder system such as a paint. Other compounds, such as 
CeO2 as described in the prior art, Will not serve as effective 
corrosion-inhibiting pigments in the binder systems that 
currently use the Zinc or strontium chromate pigments 
because they are too insoluble. 

[0079] The needed solubility Will be strongly dependent 
on the net aqueous solubility of overlying paints and coat 
ings and their usage environment. For example, solubility 
tailoring Would be useful in a situation Where a protected 
substrate is suddenly immersed in seaWater, or Where a 
rubber sealant alloWs only limited Water penetration. 
Adequate corrosion protection could be achieved through 
the formation of a tetravalent cerium, praseodymium, or 
terbium pigment compound that exhibits a higher solubility 
in Water (e.g., 1><10O to 1x10“3 moles per liter CeIV, PrIV, or 
TbIV). A rapid release of protective tetravalent cerium, 
praseodymium, or terbium ions Would happen at the expense 
of depleting the tetravalent ion quickly from the coating. 
Tetravalent cerium, praseodymium, or terbium pigments of 
loWer solubilities (e.g., 5x10“5 to 1x10“3 moles per liter 
CeIV, PrIV, or TbIV) may also be useful in some situations 
(e.g., as paints in nearly pure deoxygenated Water). The 
number and range of compound solubilities offered by 
valence stabiliZed CeIV, PrIV, and TbIV compounds alloWs 
the development of protective coating systems With broad 
performance and application ranges. This feature is not 
presently available even for CrVI-based corrosion-inhibiting 
pigments. 
[0080] Any material in the synthesis bath Which com 
plexes With tetravalent cerium, praseodymium, or terbium 
(Whether inorganic or organic) and Which results in the 
formation of a CeIV-, PrIV-, or TbIV-containing compound 
that exhibits solubilities Within or near this solubility range 
can serve as a valence stabiliZer for tetravalent cerium, 
praseodymium, or terbium. The assembly of a protective 
shell around the highly charged CeIV, PrIV, or TbIV and its 
associated oxygen and hydroxyl species can help control the 
rate at Which the cerium, praseodymium, or terbium is 
reduced and its oxygen is released. Proper selection of 
materials for forming the protective shell Will alloW solu 
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bility tailoring of the entire assembly to its intended appli 
cation environment. Valence stabiliZers described above 
may need some type of additional solubility control to 
optimiZe the performance of the tetravalent cerium-, 
praseodymium-, or terbium-valence stabiliZer compound. 
Additional solubility control agents may be in the form of 
inorganic or organic compounds. Their use is optional rather 
than a requirement for effective valence stabiliZation and 
solubility control. 

[0081] Several variables are associated With making opti 
miZed pigments. If the pigment is too insoluble for the 
speci?c application, then insuf?cient tetravalent cerium, 
praseodymium, or terbium is available to inhibit corrosion. 
LoW solubility compounds that do not provide a suf?cient 
amount of oxidation quickly enough to a coating breach may 
produce an incomplete oxide layer and thus an ineffective 
barrier ?lm. If the cerium, praseodymium, or terbium pig 
ment is too soluble, it Will be Washed aWay quickly, and an 
incomplete thin oxide ?lm Will form that Will not provide 
long-term corrosion protection, or osmotic blistering of the 
paint system may result. The formation of spotty or patchy 
oxides can promote localiZed crevice corrosion and can 
result in enhanced corrosion rates at the breach. 

[0082] The traditional chromate pigments are used not 
only in alkyd resin systems (e.g., DoD-P-15328D Wash 
Primers), but also in acrylic systems (e.g., MIL-P-28577B 
Water-Borne Acrylic Primers), and even in sulfonated rub 
ber sealants (e.g., MIL-PRF-81733D Sealing and Coating 
Compound). Fortunately, it is possible to tailor the CeIV, 
PrIV, or TbIV valence stabiliZer compound pigment systems 
themselves to speci?c binder/solvent systems using solubil 
ity (cohesion) parameters. Solubility parameters de?ne hoW 
Well an inorganic or organometallic complex Will disperse in 
a given resin/binder system. This represents a radical depar 
ture from traditional paint systems, in Which the paint 
systems are con?gured to speci?c pigments. 

[0083] The formation of an electrostatic double layer can 
be important for the effectiveness of a corrosion inhibitor 
once it is released into solution during corrosion. There are 
differences in anodic and cathodic polariZation, solubility, 
and the saturated pH of aqueous solutions of various chro 
mate pigments. The formation of an electrostatic double 
layer around the pigment While in its carrier ?lm Will not be 
as important as When the species is in solution. For this 
reason, the development of an electrostatic double layer 
around the pigment is an optional consideration. For 
example, Zinc chromate pigment-?lled paint does not exhibit 
electrochemical-inhibiting behavior. The carrier ?lm typi 
cally behaves as a Water impermeable barrier and Will muf?e 
the polar character of the pigment. The hexavalent chro 
mium pigments SrCrO4 and ZnCrO4 have very small barrier 
layers associated With them, but they are effective as cor 
rosion-inhibiting pigments. OptimiZed solubility for CeIV-, 
PrIV-, or TbIV-valence stabiliZer compounds alone can 
result in corrosion resistance comparable to the state-of-the 
art chromium pigments. The degree of polariZation exhib 
ited by the CeIV, PrIV, or TbIV ions Will be less than the 
CrVI ion because of their larger ionic radius and loWer 
charge-state, and they Will not be as ef?cient in forming 
electrostatic double layers in aqueous solution. The valence 
stabiliZation of tetravalent cerium, praseodymium, or ter 
bium should be optimiZed to achieve the highest degree of 
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ef?ciency in both solubility control and polar character, in 
order to further enhance the corrosion resistance. 

[0084] The nature and character of the “electrostatic 
double layer” surrounding the tetravalent cerium, terbium, 
or praseodymium/valence stabiliZer compound may be con 
trolled and modi?ed by careful selection of organic or 
inorganic stabiliZers. Characteristics such as the electrical 
dipole moment and the shape/conformation (for steric 
effects) of the stabiliZer Were found to in?uence the perfor 
mance of the corrosion-inhibiting pigment. These stabiliZer 
ions establish a protective electrostatic shell around the 
cation-stabiliZer compound and gather additional layers of 
ions such as hydronium (H3O+) or hydroxide (OH') about 
them. The siZe of the electrostatic double layer is a function 
of the electrostatic potential at the compound surface and is 
inversely proportional to the ionic strength of the surround 
ing solution. An electrostatic double layer Will likely form in 
aqueous solution for compounds that can carry a charge, 
have a natural electrostatic dipole, or can have an induced 
dipole. HoWever, these compounds do not normally act as 
corrosion inhibitors because they have not been optimiZed 
for that purpose. 

[0085] These facts are relevant When tetravalent cerium’s 
propensity for attracting hydroxide species such as OH“ in 
solution is considered. While a tetravalent cerium ion sur 

rounded solely by OH_[i.e., Ce(OH)4] may have a slight 
degree of aqueous solubility, the much loWer charge density 
(electrostatic ?eld) that is exhibited by Ce+4 (coupled With 
the muting effect of the surrounding OH“ ions) implies that 
the electrostatic double layer formed around this assemblage 
Will be small. If feWer hydroxide species surround the 
tetravalent cerium ion (i.e., Ce(OH)22+ or Ce(OH)3+), the 
electrostatic double layer around these ionic assemblages is 
increased, Which Will result in increased corrosion protec 
tion. Tetravalent cerium surrounded by no hydroxide species 
offers the highest degree of corrosion protection. 
[0086] A simple laboratory experiment con?rms this 
effect. If tetravalent cerium hydroxide [Ce(OH)4] is placed 
into deioniZed Water of pH 7, only a minor pH change Will 
be observed, implying that the ionic attraction of this species 
for hydronium or hydroxide species is minimal. HoWever, if 
icosahedral Ce(NO3)62_ (note that this ion contains no 
hydroxide) is placed into deioniZed Water of pH 7, a quite 
remarkable pH drop to —1 can be observed. The released 
tetravalent cerium ions Will scavenge virtually all of the 
available OH“ ions in solution (possibly even degrading 
H2O itself to obtain OH“), resulting in this dramatic pH 
drop. 
[0087] These factors account for the loWer corrosion per 
formance of the hydrous oxides and hydroxides formed in 
many of the prior art references. Because the electrostatic 
double layers of hydrated cerium oxides and hydroxides are 
so small, their ability to impede the progress of corroding 
species is very loW, even in the event that a minor concen 
tration of these complexes become soluble. In fact, any 0x0 
or hydroxo-coordination greater than 50% on the tetravalent 
cerium ions (i.e., greater than Ce(OH)22+ or CeO2+) is 
objectionable. It is also for this reason that this invention 
does not promote the use of solely hydroxide- or oxide 
containing cerium compounds as corrosion-inhibiting pig 
ments. 

[0088] The melting point and decomposition temperature 
of the pigment material are important. Tetravalent cerium-, 
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praseodymium-, or terbium-valence stabiliZer compounds 
that decompose beloW about 100° C. limit both their useful 
lifetimes and range of use, although such compounds can be 
used in some situations. The melting temperature is desir 
ably above about 50° C. to ensure that the liquid phase does 
not form during normal handling procedures. An additive 
may be needed for pigments With melting temperatures 
beloW about 50° C. Inert solid addendum materials need not 
have any inherent corrosion-inhibiting capability and are 
used to provide a base (support) that the pigment can absorb 
on or into. Oxides, phosphates, borates, silicates, and poly 
mers are examples of support compounds that can be used. 
LoW melting temperature pigments (beloW about 50° C.) can 
be used, but they require handling and processing different 
from higher melting temperature pigments. Liquid-phase 
corrosion inhibitors based on CeIV, PrIV, TbIV, and CrVI 
pigments have been demonstrated to provide excellent per 
formance as corrosion inhibitors in primer paint systems. 

[0089] The corrosion-inhibiting pigments of the present 
invention can optionally exhibit a color change betWeen 
tetravalent species and trivalent species. The implications of 
these color changes from an applications standpoint are 
signi?cant. Color changes in the pigment material in use can 
be used as a metric to determine When the pigment no longer 
exhibits corrosion-inhibiting action as a result of depleting 
the oxidiZed ion. Changes in hue of the pigment can be used 
to determine hoW much service life remains for that pigment 
in terms of corrosion-inhibiting capacity. Valence based 
color change is an attribute that conventional chromate 
pigments do not exhibit. The color change associated With 
the redox reaction of chromate pigments is insigni?cant as 
the pigments are reduced and “depleted” of their corrosion 
inhibitive capability. Thus, tetravalent cerium, terbium, or 
praseodymium/valence stabiliZer combinations that exhibit 
these color changes are superior to chromium in terms of 
providing an easily measured and observed metric to gauge 
remaining service life of the pigment. HoWever, this color 
change should not be initiated by exposure to strong light. 
Light-fast pigments are therefore desirable for these indica 
tor pigments. 

[0090] The incorporation of the valence stabiliZer (inor 
ganic or organic) may optionally result in the formation of 
a CeIV-, PrIV-, or TbIV-valence stabiliZer compound that 
also exhibits ion exchange behavior toWards alkali ions. This 
is not a requirement of the CeIV-, PrIV-, or TbIV-valence 
stabiliZer compound, and pigments that do not exhibit this 
phenomenon have been successfully demonstrated to inhibit 
corrosive attack. HoWever, it is a desirable characteristic for 
enhanced corrosion resistance. Existing CrVI-based pig 
ment systems do not exhibit this behavior to any signi?cant 
degree. 

[0091] The design of suitable CeIV-, PrIV-, or TbIV 
valence stabiliZer compounds alloWs typical and less typical 
stabiliZers to be identi?ed. The general classes of com 
pounds described beloW represent only a ?rst approximation 
of Whether a speci?c coordination compound Will provide 
favorable or unfavorable properties in a CeIV-, PrIV-, or 
TbIV-valence stabiliZer compound. Property tailoring can 
also take place through selection of speci?c anions or 
cations bound to the CeIV-, PrIV-, or TbIV-valence stabiliZer 
coordination compound. The “physiology” of inorganic sta 
biliZers is simple because of the limited number of atoms 
and structural arrangements involved in their formation. The 
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“physiology” of organic stabilizers is not as simple. An 
organically stabilized cerium, praseodymium, or terbium 
compound may have one or more organic ligands that may 
have one or more bonding sites that can interact With the 
CeIV, PrIV, or TbIV ion/oxide cluster. The bonding groups 
can be the same or different atoms or functional groups on 

an individual or a variety of ligands. An organic stabilizer 
ligand can be modi?ed in an unlimited number of Ways to 
tailor its physical behavior With respect to such properties as 
chemical reactivity, solubility, electrostatic and polar char 
acter, and functional behavior. 

[0092] It is possible to ?ne-tune the electronic and struc 
tural characteristics of a CeIV-, PrIV-, or TbIV-valence 
stabilizer compound further via substituent groups on the 
coordinating ligand, and/or by the selection of cations or 
anions to complete the charge balance of the CeIV-, PrIV-, 
or TbIV-valence stabilizer compound. For example, some 
substituent groups have large dipole moments associated 
With them, Which Will increase the electrostatic barrier layers 
associated With the cerium or praseodymium/valence stabi 
lizer complexes. These include: ketones (=C=O), thioke 
tones (=C=S), amides (—C[=O]—NR2), thioamides 
(—C[=S]—NR2), nitriles or cyano groups (—CN), isocya 
nides (—NC), nitroso groups (—N=O), thionitroso groups 
(—N=S), nitro groups (—NOZ), azido groups (—N3), 
cyanamide or cyanonitrene groups (=N—CN), cyanate 
groups (—O—CN), isocyanate groups (—N=C=O), thio 
cyanate groups (—S—CN), isothiocyanate groups 
(—N=C=S), nitrosamine groups (=N—N=O), thionit 
rosamine groups (=N—N=S), nitramine groups (=N— 
N02), thionitramine groups (=N—NS2), carbonylnitrene 
groups (—CO—N), thiocarbonylnitrene groups (—CS—N), 
sulfenyl halides (—S—X), sulfoxides (=S=O), sulfones 
(=S[=O]2), sul?nyl groups (—N=S=O), thiosul?nyl 
groups (—N=S=S), sulfenyl thiocyanato groups (—S— 
S—CN), sulfenyl cyanato groups (—S—O—CN), sulfodi 
imine groups (=S[=NH]2), sulfur dihaloimido groups 
(—N=SX2), sulfur oxide dihaloimido groups (—N=S 
[=O]X2), aminosulfur oxide trihalide groups (=N—S 
[=O]X3), sulfonyl azide groups (—S[=O]2N3), sulfonyl 
thiocyanate groups (—S[=O]2SCN), sulfonyl cyanate 
groups (—S[=O]2OCN), sulfonyl cyanide groups (—S 
[=O]2CN), halosulfonate groups (—S[=O]2OX), phos 
phonyl thiocyanate groups (—P[=O]OHSCN), phosphonyl 
cyanate groups (—P[=O]OHOCN), and phosphonyl cya 
nide groups (—P[=O]OHCN). In this Way, the character 
istics of less typical coordinating ligands may be adjusted so 
that the resultant CeIV-, PrIV-, or TbIV-valence stabilizer 
compound does exhibit some degree of corrosion inhibition. 
Conversely, the physical characteristics of typical coordina 
tion compounds can be adjusted so that they are no longer 
suitable as a corrosion inhibitor. 

[0093] Valence stabilizers can be either organic or inor 
ganic compounds. Rare earth coordination chemistry, Which 
has been the subject of numerous scienti?c studies for 
almost 100 years, identi?es chemical binding preferences, 
structure stability, and the physical properties of the result 
ing compounds. Producing effective CeIV-, PrIV-, or TbIV 
valence stabilizer compounds requires understanding the 
electrostatic and structural in?uence of candidate species on 
the compound. The solubility of the valence stabilized 
CeIV-, PrIV-, or TbIV-compound scales roughly With the 
inverse of its diameter. The CeIV, PrIV, and TbIV ions and 
their layer of negatively charged hydroxyl ions are some 
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What large, Which results in a loW degree of aqueous 
solubility. The ?eld strength of the complex also scales With 
the inverse of its physical diameter. Large compounds With 
an optimal degree of solubility Will not necessarily be ideal 
With respect to the size of their electrostatic double layer. 
The size of the ligand is therefore balanced against the 
desired electrical properties. The CeIV, PrIV, and TbIV ions 
generally favor complexation either in the icosahedral (coor 
dination number 12) or octahedral (coordination number 6) 
arrangements, although they Will occasionally be found in a 
cubic, square antiprismatic, or complex arrangement. 
Valence stabilizers (and stabilizer combinations) should be 
selected With the goal of achieving these coordinations. 

[0094] Stabilizers can be designed that result in cerium, 
praseodymium, or terbium compounds With the necessary 
physical, electrical, and chemical properties to perform as 
corrosion inhibitors With this information. The nature of a 
particular valence stabilizer shell surrounding the cerium, 
praseodymium, or terbium ion, or combination of valence 
stabilizers, can be further manipulated by the selection of 
appropriate “shaping groups” and heteroatoms at the binding 
site. Inorganic valence stabilizers are typically oxygen 
containing coordinations. Therefore, manipulation of differ 
ent sized octahedra, icosahedra, etc. around the CeIV, PrIV, 
or TbIV ions can be controlled through adjustment of the 
heteroatoms (e.g., Mo, W, Te, etc.) Within these “polymer 
ized” oxygen-containing ionic complexes (ligands). 

[0095] For organic compounds, the physical geometry of 
the binding sites is important to the stability of the CeIV-, 
PrIV-, or TbIV-stabilizer compound. The in?uence of site 
geometry becomes evident When the solvation shell of CeIV, 
PrIV, or TbIV ions is replaced by the ligand donor atoms, as 
When pigments are formed. The number of available ligand 
binding sites should be at least equal to the standard coor 
dination number of the CeIV, PrIV, or TbIV ion. The balance 
betWeen solvation of the ligand and CeIV, PrIV, or TbIV and 
their complexation Where CeIV, PrIV, or TbIV is solvated by 
a speci?c ligand is important in maintaining stability. CeIV-, 
PrIV-, or TbIV-ligand attraction increases With the number 
of available binding sites on the ligand. HoWever, With an 
increasing number of binding sites, site-site repulsions Will 
also increase, resulting in loWer stability. 

[0096] The number of binding sites available on the com 
plexing ligand is important to the resulting CeIV-, PrIV-, or 
TbIV-stabilizer’s properties. Several ligands are needed to 
effectively stabilize CeIV, PrIV, or TbIV if the chosen ligand 
has only one binding site. For example, six N03- ligands are 
needed to icosahedrally coordinate CeIV in a hexanitrato 
cerate(IV) compound because N03- has only one binding 
site. Bulky ligands With only one binding site, like pyridine, 
can be sterically hindered from packing tightly around the 
ion and Will result in decreased compound stability. Con 
versely, macrocyclic organic and polymeric inorganic 
ligands can have many suitable binding sites. HoWever, 
instability Will result if a CeIV, PrIV, or TbIV ion is not 
completely embraced by all of the multiple macromolecular 
bonding sites on the ligand. For example, if a macromol 
ecule surrounding the CeIV, PrIV, or TbIV ion has an 
insufficient number of binding sites available for charge 
balance, then the CeIV-, PrIV-, TbIV-stabilizer compound 
Will be much less stable than a macromolecule that contains 
an adequate number of sites. 



US 2004/0104377 A1 

[0097] The stability of the CeIV-, PrIV-, or TbIV-organic 
compound is strongly in?uenced by the charge, charge sign, 
and degree of polariZability of speci?c binding sites. Factors 
in?uencing compound stability include: 1) ion-pair interac 
tions for charged ligands and CeIV, PrIV, or TbIV; 2) 
ion-dipole and ion-induced dipole interactions for neutral 
ligands; 3) hydrogen bonding; and 4) the hard-soft acid-base 
(HSAB) rules convention of coordination chemistry. HSAB 
rules help identify functional groups on ligands that might 
be effective as binding sites. Optimum binding for organic 
valence stabiliZers to CeIV, PrIV, or TbIV Will be With 
ligands With hard bonding species such as those that contain 
oxygen or nitrogen. Certain coordination complexes of the 
soft bases sulfur or phosphorus are also effective for binding 
With CeIV, PrIV, or TbIV. HSAB rules can also help identify 
groups that might provide a degree of polariZation to the 
stabiliZer because of their large dipole moments. The nature 
of bonding betWeen the CeIV, PrIV, or TbIV ion/oxide 
cluster and the stabiliZer ligand can be altered by using a 
substituent group to modify the stabiliZer. Speci?c interac 
tions betWeen the ligand and CeIV, PrIV, or TbIV can be 
tailored by substituent group selection coupled With altering 
the siZe or geometry of the complexing ligand. Some sub 
stituent groups, such as carbonyls (ketones, amides, ureas), 
nitro groups, cyano groups, and aZido groups have large 
dipole moments. The polariZation of the CeIV-, PrIV-, or 
TbIV-stabiliZer can therefore be optimiZed via evaluation of 
the effect of ligand type and substituents. 

[0098] Finally, the siZe of the valence stabiliZer plays an 
important role in solubility control of the resultant CeIV-, 
PrIV-, or TbIV-valence stabiliZer compound. As the ligand 
increases in siZe, it becomes more dif?cult to keep it in 
solution, therefore loWering the solubility. HoWever, this is 
balanced against the fact that as ligands are increased in siZe, 
it also becomes more dif?cult to establish the necessary 
dipoles at the compound/Water interface. The siZe of the 
ligand is therefore balanced against the desired electrical 
properties. The addition (or subtraction) of functional 
groups on organic valence stabiliZers can be used to modify 
the solubility of the formed Ce+4, Th+4, or Pr+4/valence 
stabiliZer species. For example, the addition of sulfonated 
groups (—SO3_) to organic valence stabiliZers Will signi? 
cantly increase the solubility in Water. Other substituent 
groups that Will increase the solubility in Water include: 
carboxyl groups (—CO2—), hydroxyl groups (—OH), ester 
groups (—CO3—), carbonyl groups (=C=O), amine 
groups (—NHZ), nitrosamine groups (=N—N=O), carbo 
nylnitrene groups (—CO—N), sulfoxide groups (=S=O), 
sulfone groups (=S[=O]2), sul?nyl groups (—NESEO), 
sulfodiimines (ES[ENH]2), sulfonyl halide groups (—S 
[=O]2X), sulfonamide groups (—S[=O]2NH2), monoha 
losulfonamide groups (—S[=O]2NHX), dihalosulfonamide 

groups (—S[=O]2MX2), halosulfonate groups 2OX), halosulfonate amide groups (=N—S[=O]2X), ami 

nosulfonate groups (=N—S[=O]2OH], iminodisulfonate 
groups (—N[SO3_]2), phosphonate groups (—PO3_2), phos 
phonamide groups (—PO2NH2_), phosphondiamide groups 
(—PO[NH2]2), aminophosphonate groups (=N—PO3_2), 
and iminodiphosphonate groups (—N[PO3_2]2). Con 
versely, the addition of nitro groups (—NOZ), per?uoroalkyl 
groups (—CXF2X+1), perchloroalkyl groups (—CXCl2X+1), 
nitramine groups (=N—NO2), thioketone groups 
(=C=S), sulfenyl halide groups (—S—X), and sulfur 
dihaloimide groups (—N=SX2) to organic valence stabi 
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liZers Will decrease the solubility in Water. In this Way, the 
solubility characteristics of valence stabiliZers can be “tai 
lored” to meet speci?c binder/resin needs. 

[0099] Valence stabiliZers and combinations of stabiliZers 
can be manipulated by the selection of “shaping groups” and 
heteroatoms positioned at the binding site. Saturated organic 
chains can form ?exible ligands that Wrap around CeIV-, 
PrIV-, or TbIV- and can enhance their stability. Unsaturated 
organics typically have less freedom to bend and contort and 
are less likely to be a ligand that can Wrap or ?t around the 
CeIV, PrIV, or TbIV ions. Addition of substituents onto an 
organic ligand may further restrict its freedom to ?ex. For 
example, the attachment of a phenyl group onto an organic 
valence stabiliZer that contains tWo or more binding sites 
Will likely restrict the ability of that ligand to ?ex around the 
CeIV, PrIV, or TbIV ions so as to coordinate it as a 
icosahedral or octahedral complex. 

[0100] The physical, chemical, and electrostatic require 
ments for the design of effective pigments based on CeIV-, 
PrIV-, or TbIV-stabiliZer compounds result in lists of stabi 
liZers that may be divided into Wide band or narroW band 
stabiliZer classes for CeIV, PrIV, or TbIV. Wide band valence 
stabiliZers can be used under a Wide variety of service 
conditions (e.g., corroding specie, temperature, etc.) to 
achieve a high degree of corrosion resistance. Wide band 
physical properties (stability, solubility, and polariZation) 
can be achieved by both inorganic or organic valence 
stabiliZers. The desirable physical property of ion exchange 
can also be achieved With both inorganic and organic 
coordination compounds. “NarroW band” valence stabiliZers 
result in satisfactory pigments only under limited applica 
tions. 

[0101] The compounds listed here are general guides for 
the initial selection of a coordination compound and do not 
represent a complete list. Tailoring substituent groups and 
the selection of cations or anions for charge balance can 
in?uence Whether a particular CeIV-, PrIV-, or TbIV- stabi 
liZer compound Will have Wide band or narroW band corro 
sion-inhibiting characteristics. Both inorganic or organic 
valence stabiliZers may form compounds With the necessary 
physical properties of stability, solubility, and polariZation to 
be effective corrosion-inhibiting pigments. 

[0102] Because of the much higher oxidation-reduction 
potential associated With PrIV and TbIV, the choice of 
suitable valence stabiliZers for these species is much more 

limited and Will be dealt With in a separate section Sections 3a through 3e describe suitable stabiliZers for CeIV. 

[0103] 3a) Wide Band Inorganic Valence StabiliZers for 
CeIV 

[0104] Wide band inorganic valence stabiliZers are formed 
around the CeIV ion by “polymerizing” in synthesis solu 
tion. Inorganic Wide band valence stabiliZers for CeIV for 
“sparingly soluble” pigments include molybdates (Mow, 
Mo+5, or M0“, for example [Ce+4Mo12O42]8_, [Ce+ 
4Mo7O24]2_, and [Ce+42Mo14O48]4_]), tungstates *W+6, 
W+5, or W“, for example [Ce+4W12O42]8_, [Ce+4W8O28]4_, 
and [Ce+4W1OO35]6_), vanadates (V+5 or V“, for example 
[Ce+4V18O51]8_), niobates (Nb+5 or Nb+4, for example 
[Ce'4Nb2O6(OH)4]2_), tantalates (Ta+5 or Ta+4, for example 
[Ce+4Ta2O6(OH)4]2_), tellurates (Te+6 or Te+4, for example 
Ce+4(TeO4)2), periodates (1+7, for example [Ce+4IO6]1_), 
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iodates Q”, for example Ce+4(IO3)4), carbonates (C+4, for 
example [Ce+4(CO3)5]6_), antimonates (Sb+5 or Sb+3), stan 
nates (Sn+4), phosphates (P+5, for example Ce+43(PO4)4, 
Ce+4(HPO4)2, Ce+4P2O7, and [Ce+4P2O7, nitrates [N+5, for 
example [Ce+4(NO3)6]2_), bromates (Br+5, for example 
Ce+4(BrO3)4), and sulfates (5+6, for example [Ce+4(SO4)4] 
4_). Many of these inorganics form octahedral and icosahe 
dral heteropolymetallate structures on precipitation from 
solution. For example, tellurate ions begin to polymeriZe 
near pH 5 in Water and Will complex With CeIV ions in basic 
solution pH’s. Therefore, as the pH is raised in the pigment 
synthesis bath, the tellurate ion polymeriZes to polymorphs, 
Which then complex the CeIV ion. 

[0105] The general structural aspects of heteropolymetal 
lates are Well understood, and the stability of heteropoly 
metallates as a function of composition and structure is also 
Well-characterized. The relatively unstable CeIV ions are 
protected and stabiliZed Within the surrounding octahedral 
and icosahedral groups, although speci?c con?gurations of 
the heteropolymetallate anions differ from stabiliZer to sta 
biliZer (i.e., from molybdate to periodate or iodate). The 
dimensions of the octahedra and icosahedra are controlled 
by the siZe of the heteroatom (e.g., Mo, W, or Te) around 
Which they are assembled. 

[0106] A CeIV ion trapped by the precipitation of these 
heteropolymetallates and its resulting “ion Within a cage” 
structure can exhibit an even greater apparent volume due to 
the development of a large electrostatic double layer. This 
Will in?uence both the valence stabiliZation of the CeIV, as 
Well as the solubility of the assembled compound. These 
compounds are reported to be excellent ion exchange agents 
for alkali ions. This caging structure serves to loWer the 
solubility of the CeIV because the chemical elements typi 
cally associated With these valence stabiliZers (e.g., I, Te, 
M0, or W) are often inherently less soluble in Water than Ce. 
These materials can also establish oriented dipoles With the 
interior CeIV ion and form an electrostatic double layer 
during aqueous corrosion. Finally, the elements associated 
With these valence stabiliZers themselves can contain high 
valence ions (i.e., V+5, Te+6, or Mow), Which Will also serve 
someWhat in corrosion protection, although not to the degree 
of CeIV (or CrVI), due to their loWer redox potential. 

[0107] Water-soluble precursors for these materials are 
generally used so that the synthesis can be carried out from 
aqueous solution. Many elements associated With these 
stabiliZers (e.g., Mo, W, or Te) do not typically form 
Water-soluble compounds so the identi?cation of suitable 
precursors can be dif?cult. 

[0108] Complex, partially-polymerized salts such as para 
or meta-polymorphs for each compound may also be used as 
precursors. These polymorphs typically exhibit slightly 
loWer solubilities in Water than the simple salts. Peroxo-salts 
of these compounds, especially permolybdates, pertung 
states, and pervanadates may also be used as precursors. 
Formation of the chosen heteropolymetallates from precur 
sors such as the ?uorides, chlorides, bromides, nitrates, and 
perchlorates (e. g., SnCl4 to form heterostannates and SbF5 to 
form heteroantimonates) can be difficult, but may be accept 
able in certain circumstances. A valence stabiliZer can be a 
cross betWeen tWo or more of the Wide-band inorganic 
valence stabiliZers listed above. For example, a valence 
stabiliZer composed of a periodate and a molybdate may be 

Jun. 3, 2004 

desirable in some situations. During the synthesis process, 
both of these materials Will polymeriZe to form a mixed 
periodate/molybdate valence stabiliZer out of the pigment 
solution. 

[0109] 3b) Wide Band Organic Valence Stabilizers for 
CeIV 

[0110] Avariety of organic compounds meet the criteria to 
be typical Wide band valence stabiliZers for CeIV. These 
coordination ligands produce CeIV valence stabiliZed com 
pounds that ful?ll the general requirements of a CeIV 
pigment material. Organic compounds can be very effective 
cerium stabiliZers and provide the greatest degree of free 
dom in designing neW cerium-stabiliZer compounds With 
neW functionalities. More possible organic valence stabiliZer 
species exist than inorganic valence stabiliZers because of 
the immense number of organic compounds and function 
alities from Which to choose. Water-soluble precursors for 
the organic valence stabiliZers are generally used so that 
pigment synthesis can be carried out in aqueous solution. 
HoWever, alcohol or hydrocarbon soluble species can also 
be used. 

[0111] The number of Wide band (and narroW band) 
organic compounds that are acceptable as valence stabiliZers 
for tetravalent cerium is limited. Common organic com 
pounds such as alcohols, aldehydes, ketones, esters, ethers, 
alkyl or aromatic halides, most carboxylic acids, anhydrides, 
phenols, sulfonic acids, phosphonic acids, carbohydrates, 
Waxes, fats, sugars, and oils are not as effective as the 
structural types described in the Tables herein to stabiliZe the 
tetravalent cerium ion. At best, some of the organic types 
described in these Tables may presently be used for other 
industrial applications, but their incorporation into corro 
sion-inhibiting blends to stabiliZe tetravalent cerium has 
heretofore been unrecogniZed. 

[0112] The choice of substituent functional groups on 
these general classes of valence stabiliZers Will affect the 
physicochemical properties of the CeIV-containing com 
pound and the corrosion resistance achieved using that 
compound. For example, the addition of —NH2 or :0 
substituents increases the net polariZation of the overall net 
CeIV/valence stabiliZer compound, but Will also increase its 
Water solubility. Careful molecular design of CeIV com 
pounds is necessary in order to achieve desired performance 
characteristics. 

[0113] In general, the bonding atoms in typical organic 
valence stabiliZers are oxygen and nitrogen, With sulfur or 
phosphorus being acceptable in some circumstances. Sulfur 
or phosphorus is complexed With CeIV most frequently in 
combination With oxygen. Bonding atoms such as carbon, 
silicon, tin, arsenic, and antimony are much less desirable 
due to problems With valence stability, toxicity, or solubility. 
Other stable coordinations (like square, antiprismatic, or 
cubic) are knoWn, even though these particular agents prefer 
octahedral or icosahedral coordination With Ce+4. These 
valence stabiliZers all serve to stabiliZe the Ce+4 ions Within 
a sparingly soluble complex that can exhibit a polar char 
acter in aqueous solution. 
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TABLE 1 

Wide Band Organic Valence Stabilizers for the Ce+4 Ion 

General Structural Name 
(Type of Organic) Structural Representation 

N Valence Stabilizer #1: 

Monoamines (N Monodentates) 

N Valence Stabilizer #2: 

Diamines (N—N Bidentates) 

N Valence Stabilizer #3: 
Triamines (either N—N Bidentates or N—N 

Tridentates) 

N Valence Stabilizer #4: 

Tetramines (N—N Bidentates, N—N 
Tridentates, or N—N Tetradentates) 

N Valence Stabilizer #5: 
Pentamines (N—N Bidentates, N—N 
Tridentates, or N—N Tetradentates) 

N Valence Stabilizer #6: 
HeXamines (N—N Bidentates, N—N 
Tridentates, N—N Tetradentates, or N—N 
HeXadentates) 

N Valence Stabilizer #7: 
Five-Membered Heterocyclic Rings 
containing One, TWo, Three, or Four 
Nitrogen Atoms Wherein at least one 
Nitrogen Atom is a Binding Site (N 
Monodentates or N—N Bidentates) 

N Valence Stabilizer #8: 
SiX-Membered Heterocyclic Rings 
containing One, TWo, Three, or Four 
Nitrogen Atoms Wherein at least one 
Nitrogen Atom is a Binding Site (N 
Monodentates or N—N Bidentates) 

N Valence Stabilizer #9: 
Five-Membered Heterocyclic Rings 
containing One, TWo, Three, or Four 
Nitrogen Atoms and having at least one 

NH3, NH2R, NHR2, and NR3 Where R 
represents H or any organic functional group 
Wherein the number of carbon atoms ranges 
from O to 40, optionally having halogen or 
polarizing or Water-insolubilizing/solubilizing 
groups attached. Ligand can also contain 
nonbinding N, O, S, or P atoms. 
R'—N—R—N—R", Where R, R’, and R" represent H 
or any organic functional group Wherein the 
number of carbon atoms ranges from O to 40, 
optionally having halogen or polarizing or 
Water-insolubilizing/solubilizing groups 
attached. Ligand can also contain nonbinding 
N, O, S, or P atoms. 
R—N—R'—N—R"—N—R"', Where R, R‘, R", and R'“ 
represent H or any organic functional group 
Wherein the number of carbon atoms ranges 
from O to 40, optionally having halogen or 
polarizing or Water-insolubilizing/solubilizing 
groups attached. Ligand can also contain 
nonbinding N, O, S, or P atoms. 
R—N—R'—N—R"—N— "'—N— "", Where R, R’, R", 
R'“, and R"" represent H or any organic 
functional group Wherein the number of carbon 
atoms ranges from O to 40, optionally having 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atoms. 

R—N—R'—N—R"—N—R"'—N—R""—N— ""', Where R, 
R’, R", R'", R"", and R""' represent H or any 
organic functional group Wherein the number of 
carbon atoms ranges from O to 40, optionally 
having halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atoms. 
R—N—R'—N—R"—N—R" '—N—R" "—N—R" " '—N—R" " ", 

Where R, R’, R", R'“, R"", R""', and R""" 
represent H or any organic functional group 
Wherein the number of carbon atoms ranges 
from O to 40, optionally having halogen or 
polarizing or Water-insolubilizing/solubilizing 
groups attached. Ligand can also contain 
nonbinding N, O, S, or P atoms. 
Five membered heterocyclic ring containing 
one, tWo, three, or four nitrogen atoms, all of 
Which may or may not function as binding sites. 
Can include other ring systems bound to this 
heterocyclic ring, but they do not coordinate 
With the stabilized, high valence metal ion. 
Ring can also contain O, S, or P atoms. This 5 
membered ring and/or attached, uncoordinating 
rings may or may not have halogen or 
polarizing or Water-insolubilizing/solubilizing 
groups attached. 
SiX membered heterocyclic ring containing one, 
tWo, three, or four nitrogen atoms, all of Which 
may or may not function as binding sites. Can 
include other ring systems bound to this 
heterocyclic ring, but they do not coordinate 
With the stabilized, high valence metal ion. 
Ring can also contain O, S, or P atoms. This 6 
membered ring and/or attached, uncoordinating 
rings may or may not have halogen or 
polarizing or Water-insolubilizing/solubilizing 
groups attached. 
Five membered heterocyclic ring(s) containing 
one, tWo, three, or four nitrogen atoms. In 
addition, ligand contains additional nitrogen 
containing substituents (usually amines) that 
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TABLE l-continued 

Wide Band Organic Valence Stabilizers for the Ce+4 Ion 

General Structural Name 
(Type of Organic) Structural Representation 

additional Nitrogen Atom Binding Site not 
in a Ring (N Monodentates, N—N 
Bidentates, N Tridentates, N—N 
Tetradentates, or N—N HeXadentates) 

N Valence Stabilizer #10: 
SiX-Membered Heterocyclic Rings 
containing One, TWo, Three, or Four 
Nitrogen Atoms at least one additional 
Nitrogen Atom Binding Site not in a Ring 
(N Monodentates, N—N Bidentates, N—N 
Tridentates, N—N Tetradentates, or N—N 
HeXadentates) 

N Valence Stabilizer #11: 
Five-Membered Heterocyclic Rings 
containing One, TWo, Three, or Four 
Nitrogen Atoms at least one additional 
Nitrogen Atom Binding Site in a Separate 
Ring (N Monodentates, N—N Bidentates, N— 
N Tridentates, N—N Tetradentates) 

N Valence Stabilizer #12: 
SiX-Membered Heterocyclic Rings 
containing One, TWo, Three, or Four 
Nitrogen Atoms at least one additional 
Nitrogen Atom Binding Site in a Separate 
Ring (N Monodentates, N—N Bidentates, N— 
N Tridentates, N—N Tetradentates) 

N Valence Stabilizer #13: 
TWo-, Three—, Four—, SiX-, Eight—, and Ten 
Membered Macrocyclics, Macrobicyclics, 
and Macropolycyclics (including 
Catapinands, Cryptands, Cyclidenes, and 
Sepulchrates) Wherein all Binding Sites are 
composed of Nitrogen (usually amine or 
imine groups) and are not contained in 
Component Heterocyclic Rings (N—N 
Bidentates, N—N Tridentates, N—N 
Tetradentates, and N—N HeXadentates) 
N Valence Stabilizer #14: 
Four—, SiX-, Eight—, or Ten-Membered 
Macrocyclics, Macrobicyclics, and 
Macropolycyclics (including Catapinands, 
Cryptands, Cyclidenes, and Sepulchrates) 
Wherein all Binding Sites are composed of 
Nitrogen and are contained in Component 
5-Membered Heterocyclic Rings (N—N 
Bidentates, N—N Tridentates, N—N 
Tetradentates, or N—N HeXadentates) 

constitute N binding sites. Can include other 
ring systems bound to the heterocyclic ring or to 
the N—containing substituent, but they do not 
coordinate With the stabilized, high valence 
metal ion. Ring(s) can also contain O, S, or P 
atoms. This 5-membered ring(s) and/or 
attached, uncoordinating rings and/or N 
containing substituent(s) may or may not have 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
SiX membered heterocyclic ring(s) containing 
one, tWo, three, or four nitrogen atoms. In 
addition, ligand contains additional nitrogen 
containing substituents (usually amines) that 
constitute N binding sites. Can include other 
ring systems bound to the heterocyclic ring or to 
the N—containing substituent, but they do not 
coordinate With the stabilized, high valence 
metal ion. Ring(s) can also contain O, S, or P 
atoms. This 6-membered ring(s) and/or 
attached, uncoordinating rings and/or N 
containing substituent(s) may or may not have 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Five membered heterocyclic ring(s) containing 
one, tWo, three, or four nitrogen atoms. In 
addition, ligand contains additional nitrogen 
containing rings that constitute N binding sites. 
Can include other ring systems bound to the N 
containing heterocyclic rings, but they do not 
coordinate With the stabilized, high valence 
metal ion. Ring(s) can also contain O, S, or P 
atoms. This 5-membered ring(s) and/or 
additional N—containing ring(s) and/or attached, 
uncoordinating rings may or may not have 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
SiX membered heterocyclic ring(s) containing 
one, tWo, three, or four nitrogen atoms. In 
addition, ligand contains additional nitrogen 
containing rings that constitute N binding sites. 
Can include other ring systems bound to the N 
containing heterocyclic rings, but they do not 
coordinate With the stabilized, high valence 
metal ion. Ring(s) can also contain O, S, or P 
atoms. This 6-membered ring(s) and/or 
additional N—containing ring(s) and/or attached, 
uncoordinating rings may or may not have 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Macrocyclic ligands containing tWo, three, four, 
siX, eight, or ten nitrogen binding sites to 
valence stabilize the central metal ion. Can 
include other hydrocarbon or ring systems 
bound to this macrocyclic ligand, but they do 
not coordinate With the stabilized, high valence 
metal ion. This ligand and/or attached, 
uncoordinating hydrocarbons/rings may or may 
not have halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 

Macrocyclic ligands containing a total of four, 
siX, eight, or ten ?ve-membered heterocyclic 
rings containing nitrogen binding sites. Can 
include other hydrocarbon/ring systems bound 
to this macrocyclic ligand, but they do not 
coordinate With the stabilized, high valence 
metal ion. This ligand and/or attached, 
uncoordinating hydrocarbon/rings may or may 
not have halogen or polarizing or Water 
insolubilizing groups attached. 
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TABLE l-continued 

Wide Band Organic Valence Stabilizers for the Ce+4 Ion 

General Structural Name 
(Type of Organic) Structural Representation 

N Valence Stabilizer #15: 
Four—, SiX-, Eight—, or Ten-Membered 
Macrocyclics, Macrobicyclics, and 
Macropolycyclics (including Catapinands, 
Cryptands, Cyclidenes, and Sepulchrates) 
Wherein all Binding Sites are composed of 
Nitrogen and are contained in a 
Combination of 5-Membered Heterocyclic 
Rings and Amine or Imine Groups (N—N 
Bidentates, N—N Tridentates, N—N 
Tetradentates, or N—N HeXadentates) 

N Valence Stabilizer #16: 
Four—, SiX-, Eight—, or Ten-Membered 
Macrocyclics, Macrobicyclics, and 
Macropolycyclics (including Catapinands, 
Cryptands, Cyclidenes, and Sepulchrates) 
Wherein all Binding Sites are composed of 
Nitrogen and are contained in Component 
6-Membered Heterocyclic Rings (N—N 
Bidentates, N—N Tridentates, N—N 
Tetradentates, or N—N HeXadentates) 
N Valence Stabilizer #17: 
Four—, SiX-, Eight—, or Ten-Membered 
Macrocyclics, Macrobicyclics, and 
Macropolycyclics (including Catapinands, 
Cryptands, Cyclidenes, and Sepulchrates) 
Wherein all Binding Sites are composed of 
Nitrogen and are contained in a 
Combination of 6-Membered Heterocyclic 
Rings and Amine or Imine Groups (N—N 
Bidentates, N—N Tridentates, N—N 
Tetradentates, or N—N HeXadentates) 

N Valence Stabilizer #18: 
Amidines and Diamidines (N—N Bidentates 
and N—N Tetradentates) 

N Valence Stabilizer #19: 

Biguanides (Imidodicarbonimidic Diamides 
or Dihydrazides), Biguanidines, 
Imidotricarbonimidic Diamides or 

Dihydrazides, Imidotetracarbonimidic 
Diamides or Dihydrazides, Dibiguanides, 
Bis(biguanidines), Polybiguanides, and 
Poly(biguanidines) (N—N Bidentates, N—N 
Tridentates, N—N Tetradentates, and N—N 
HeXadentates) 
N Valence Stabilizer #20: 

Diamidinomethanes, 
Bis(amidinomethanes), and 
Poly(amidinomethanes) (N—N Bidentates, 
N—N Tridentates, N—N Tetradentates, and N— 
N HeXadentates) 

N Valence Stabilizer #21: 
Imidoylguanidines, Amidinoguanidines, 
Bis(imidoylguanidines), 
Bis(amidinoguanidines), 
Poly(imidoylguanidines), and 

Macrocyclic ligands containing at least one 5 
membered heterocyclic ring. These 
heterocyclic rings provide nitrogen binding sites 
to valence stabilize the central metal ion. Other 
amine or imine binding sites can also be 
included in the macrocyclic ligand, so long as 
the total number of binding sites is four, siX, 
eight, or ten. Can include other 
hydrocarbon/ring systems bound to this 
macrocyclic ligand, but they do not coordinate 
With the stabilized, high valence metal ion. This 
ligand and/or attached, uncoordinating 
hydrocarbon/rings may or may not have halogen 
or polarizing or Water—insolubilizing groups 
attached. 
Macrocyclic ligands containing a total of four, 
siX, eight, or ten siX-membered heterocyclic 
rings containing nitrogen binding sites. Can 
include other hydrocarbon/ring systems bound 
to this macrocyclic ligand, but they do not 
coordinate With the stabilized, high valence 
metal ion. This ligand and/or attached, 
uncoordinating hydrocarbon/rings may or may 
not have halogen or polarizing or Water 
insolubilizing groups attached. 
Macrocyclic ligands containing at least one 6 
membered heterocyclic ring. These 
heterocyclic rings provide nitrogen binding sites 
to valence stabilize the central metal ion. Other 
amine or imine binding sites can also be 
included in the macrocyclic ligand, so long as 
the total number of binding sites is four, siX, 
eight, or ten. Can include other 
hydrocarbon/ring systems bound to this 
macrocyclic ligand, but they do not coordinate 
With the stabilized, high valence metal ion. This 
ligand and/or attached, uncoordinating 
hydrocarbon/rings may or may not have halogen 
or polarizing or Water—insolubilizing groups 
attached. 

R'—NH—C(—R):N—R", Where R, R‘, and R" 
represent H or any organic functional group 
Wherein the number of carbon atoms ranges 
from O to 40, optionally having halogen or 
polarizing or Water-insolubilizing/solubilizing 
groups attached. Ligand can also contain 
nonbinding N, O, S, or P atoms. 
RR'—N—C(:NH)—NR"—C(:NH)—NR" 'R" " for 
biguanides, RR'—N—C(:NH)—NR"—NH—C(:NH)— 
NR"'R"" for biguanidines, Where R, R’, R", 
R'“, and R"" represent H, NH2, or any organic 
functional group Wherein the number of carbon 
atoms ranges from O to 40, halogen or 
polarizing or Water-insolubilizing/solubilizing 
groups attached. Ligand can also contain 
nonbinding N, O, S, or P atoms. 

H, NH2, or any organic functional group 
Wherein the number of carbon atoms ranges 
from O to 40, optionally having halogen or 
polarizing or Water-insolubilizing/solubilizing 
groups attached. Ligand can also contain 
nonbinding N, O, S, or P atoms. 

RR'—N—C(:NH)—NR"—C(:NH)—R"' for 
imidoylguanidines, and RR'—N—C(:NH)—NR"— 
NH—C(:NH)— "' for amidinoguanidines, Where 
R, R’, R", and R'" represent H, NH2, or any 
organic functional group Wherein the number of 
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TABLE l-continued 

Wide Band Organic Valence Stabilizers for the Ce+4 Ion 

General Structural Name 
(Type of Organic) Structural Representation 

Poly(arnidinoguanidines) (N—N Bidentates, 
N—N Tridentates, N—N Tetradentates) 

N Valence Stabilizer #22: 

Diforrnarnidine oXides (Dicarbonirnidic 
Diarnides or Dihydrazides), 
Tricarbonirnidic Diarnides or Dihydrazides, 
Tetracarbonirnidic Diarnides or 

Dihydrazides, Bis(diforrnarnidine oxides), 
and Poly(diforrnarnidine oXides) (N—N 
Bidentates, N—N Tridentates, N—N 
Tetradentates) 
N Valence Stabilizer #23: 
Diforrnarnidine Sul?des 
(Thiodicarbonirnidic Diarnides or 
Dihydrazides), Thiotricarbonirnidic 
Diarnides or Dihydrazides, 
Thiotetracarbonirnidic Diarnides or 

Dihydrazides, Bis(diforrnarnidine sul?des), 
and Poly(diforrnarnidine sul?des) (N—N 
Bidentates, N—N Tridentates, N—N 
Tetradentates) 
N Valence Stabilizer #24: 
Irnidodicarbonirnidic Acids, 
Diirnidodicarbonirnidic Acids, 
Irnidotricarbonirnidic Acids, 
Irnidotetracarbonirnidic Acids, and 
derivatives thereof (N—N Bidentates, N—N 
Tridentates, N—N Tetradentates, and N—N 
HeXadentates) 

N Valence Stabilizer #25: 
Thioirnidodicarbonirnidic Acids, 
Thiodiirnidodicarbonirnidic Acids, 
Thioirnidotricarbonirnidic Acids, 
Thioirnidotetracarbonirnidic Acids, and 
derivatives thereof (N—N Bidentates, N—N 
Tridentates, N—N Tetradentates, and N—N 
HeXadentates) 

N Valence Stabilizer #26: 
Diirnidoylirnines, Diirnidoylhydrazides, 
Bis(diirnidoylirnines), 
Bis(diirnidoylhydrazides), 
Poly(diirnidoylirnines), and 
Poly(diirnidoylhydrazides) (N—N 
Tridentates and N—N HeXadentates) 

N Valence Stabilizer #27: 

Irnidosulfarnides, Diirnidosulfarnides, 
Bis(irnidosulfarnides), 
Bis(diirnidosulfarnides), 
Poly(irnidosulfarnides), and 
Poly(diirnidosulfarnides) (N—N Bidentates, 
N—N Tridentates, N—N Tetradentates, and N— 
N HeXadentates) 

N Valence Stabilizer #28: 
Phosphorarnidirnidic Triarnides, 
Bis(phosphorarnidirnidic triarnides), and 
Poly(phosphorarnidirnidic triarnides) and 

carbon atoms ranges from O to 40, optionally 
having halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 

RR'—N—C(:NH)—O—C(:NH)—NR"R"', Where R, 
R’, R", and R"' represent H, NH2, or any 
organic functional group Wherein the number of 
carbon atoms ranges from O to 40, optionally 
having halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 

organic functional group Wherein the number of 
carbon atoms ranges from O to 40, optionally 
having halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 

R—O—C(:NH)—NR'—C(:NH)—O—R" for 
irnidodicarbornirnidic acids, and R—O—C(:NH)— 
NR'—NH—C(:NH)—O—R" for 
diirnidodicarbonirnidic acids, Where R, R’, and 
R" represent H, NH2, or any organic functional 
group Wherein the number of carbon atoms 
ranges from O to 40, optionally having halogen 
or polarizing or Water 

insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 

R—S—C(:NH)—NR'—C(:NH)—S—R" for 
thioirnidodicarbonirnidic acids, and R—S— 

C(:NH)—NR'—NH—C(:NH)—S—R" for 
thiodiirnidodicarbonirnidic acids, Where R, R’, 
and R" represent H, NH2, or any organic 
functional group Wherein the number of carbon 
atoms ranges from O to 40, optionally having 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 

R—C(:NH)—NR'—C(:NH)—R" for 
diirnidoylirnines, and R—C(:NH)—NR'—NH— 
C(:NH)—R" for diirnidoylhydrazides, Where R, 
R’, and R" represent H, NH2, or any organic 
functional group Wherein the number of carbon 
atoms ranges from O to 40, optionally having 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 

number of carbon atoms ranges from O to 40, 
optionally having halogen or polarizing or 
Water-insolubilizing/solubilizing groups 
attached. Ligand can also contain nonbinding N, 
O, S, or P atorns. 
(NH:)P(—NRR')(—NR "R" ')(—NR" "R" " '), Where 
R, R’, R", R'“, R"", and R""' represent H, NH2, 
or any organic functional group Wherein the 
number of carbon atoms ranges from O to 40, 
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TABLE l-continued 

Wide Band Organic Valence Stabilizers for the Ce+4 Ion 

General Structural Name 
(Type of Organic) Structural Representation 

derivatives thereof (N—N Bidentates, N—N 
Tridentates, N—N Tetradentates, and N—N 
HeXadentates) 

N Valence Stabilizer #29: 
Phosphorarnidirnidic Acid, 
Phosphorodiarnidirnidic Acid, 
Bis(Phosphorarnidirnidic Acid), 
Bis(Phosphorodiarnidirnidic Acid), 
Poly(Phosphorarnidirnidic Acid), 
Poly(Phosphorodiarnidirnidic Acid), and 
derivatives thereof (N—N Bidentates, N—N 
Tridentates, N—N Tetradentates, and N—N 
HeXadentates) 
N Valence Stabilizer #30: 
Phosphorarnidirnidodithioic Acid, 
Phosphorodiarnidirnidothioic Acid, 
Bis(Phosphorarnidirnidodithioic Acid), 
Bis(Phosphorodiarnidirnidothioic Acid), 
Poly(Phosphorarnidirnidodithioic Acid), 
Poly(Phosphorodiarnidirnidothioic Acid), 
and derivatives thereof (N—N Bidentates, N— 
N Tridentates, N—N Tetradentates, and N—N 
HeXadentates) 

N Valence Stabilizer #31: 
Azo compounds including triazenes with 
amino, irnino, oXirno, diazeno, or hydrazido 
substitution at the ortho-(for aryl) or alpha 
or beta-(for alkyl) positions, Bis[o—(H2N—) 
or alpha-or beta—(H2N—)azo compounds], or 
Poly[o—(H2N—) or alpha- or beta—(H2N—)azo 
cornpounds) (N—N Bidentates, N—N 
Tridentates, N—N Tetradentates, or N—N 
HeXadentates) 

N Valence Stabilizer #32: 
Diazeneforrnirnidarnides 
(Diazenearnidines), Diazeneacetirnidarnides 
(Diazene-alpha-arnidinoalkanes(alkenes)), 
Bis(diazeneforrnirnidarnides), 
Bis(diazeneacetirnidarnides), 
Poly(diazeneforrnirnidarnides), and 
Poly(diazeneacetirnidarnides) (N—N 
Bidentates, N—N Tetradentates, and N—N 
HeXadentates) 
N Valence Stabilizer #33: 
Diazeneforrnirnidic Acid, 
Diazeneacetirnidic Acid, 
Bis(diazeneforrnirnidic acid), 
Bis(diazeneacetirnidic acid), 
Poly(diazeneforrnirnidic acid), 
Poly(diazeneacetirnidic acid), and 
derivatives thereof (N—N Bidentates, N—N 
Tetradentates, and N—N HeXadentates) 

N Valence Stabilizer #34: 
Diazeneforrnirnidothioic Acid, 
Diazeneacetirnidothioic Acid, 
Bis(diazeneforrnirnidothioic acid), 
Bis(diazeneacetirnidothioic acid), 
Poly(diazeneforrnirnidothioic acid), 
Poly(diazeneacetirnidothioic acid), and 
derivatives thereof (N—N Bidentates, N—N 
Tetradentates, and N—N HeXadentates) 

N Valence Stabilizer #35: 
Irnidoyldiazenes, Bis(irnidoyldiazenes), and 
Poly(irnidoyldiazenes), (N—N Bidentates, N— 
N Tetradentates and N—N HeXadentates) 

optionally having halogen or polarizing or 
Water-insolubilizing/solubilizing groups 
attached. Ligand can also contain nonbinding N, 
O, S, or P atorns. 
(NH:)P(—NRR')(OH)2 for phosphorarnidirnidic 
acid, and (NH:)P(—NRR')(—NR"R"‘)(OH) for 
phosphorodiarnidirnidic acid, Where R, R’, R", 
and R"' represent H, NH2, or any organic 
functional group Wherein the number of carbon 
atoms ranges from O to 40, optionally having 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 

(NH:)P(—NRR')(SH)2 for 
phosphorarnidirnidodithioic acid, and (NH:)P(— 
NRR')(—NR"R"')(SH) for 
phosphorodiarnidirnidothioic acid, Where R, R’, 
R", and R'" represent H, NH2, or any organic 
functional group Wherein the number of carbon 
atoms ranges from O to 40, optionally having 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 
R—N:N—R' for azo cornpounds, R—N:N—NH—R' 
for triazenes, Where R, and R’ represent H or 
any organic functional group Wherein the 
number of carbon atoms ranges from O to 40, 
optionally having halogen or polarizing or 
Water-insolubilizing/solubilizing groups 
attached. (Must include ortho-arnino, irnino, 
oXirno, diazeno, or hydrazido substituted aryl 
azo compounds, and alpha-or beta-arnino, 
irnino, oXirno, diazeno, or hydrazido alkyl azo 
cornpounds.) Ligand can also contain 
nonbinding N, O, S, or P atorns. 
R—N:N—C(:NH)—NR'R" for 
diazeneforrnirnidarnides, and R—N:N—CR'R"— 
C(:NH)—NR"'R"" for diazeneacetirnidarnides, 
Where R, R’, R", R'“, and R"" represent H, 
NH2, or any organic functional group Wherein 
the number of carbon atoms ranges from O to 
40, optionally having halogen or polarizing or 
Water-insolubilizing/solubilizing groups 
attached. Ligand can also contain nonbinding N, 
O, S, or P atorns. 
R—N:N—C(:NH)—OR' for diazeneforrnirnidic 
acid, and R—N:N—CR'R"—C(:NH)—OR"' for 
diazeneacetirnidic acid, Where R, R’, R", and 
R"' represent H, NH2, or any organic functional 
group Wherein the number of carbon atoms 
ranges from O to 40, optionally having halogen 
or polarizing or Water 

insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 

R—N:N—C(:NH)—SR' for 
diazeneforrnirnidothioic acid, and R—N:N— 
CR'R"—C(:NH)—SR"' for 
diazeneacetirnidothioic acid, Where R, R’, R", 
and R"' represent H, NH2, or any organic 
functional group Wherein the number of carbon 
atoms ranges from O to 40, optionally having 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 

R—N:N—C(:NH)—R' or R—N:N—CR'R"— 
C(:NH)—R"', Where R, R‘, R", and R'“ 
represent H, NH2, or any organic functional 
group Wherein the number of carbon atoms 
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TABLE l-continued 

Wide Band Organic Valence Stabilizers for the Ce+4 Ion 

General Structural Name 
(Type of Organic) Structural Representation 

N Valence Stabilizer #36: 
Diazenediforrnirnidarnides (1,2 
Diazenediarnidines), 
Diazenediacetirnidarnies (1,2-Diazene-di 
alpha-arnidinoalkanes(alkenes)), 
Bis(diazenediforrnirnidarnides), 
Bis(diazenediacetirnidarnides), 
Poly(diazenediforrnirnidarnides), and 
Poly(diazenediacetirnidarnides) (N—N 
Tridentates and N—N HeXadentates) 

N Valence Stabilizer #37: 
Diazenediforrnirnidic Acid, 
Diazenediacetirnidic Acid, 
Bis(diazenediforrnirnidic acid), 
Bis(diazenediacetirnidic acid), 
Poly(diazenediforrnirnidic acid), and 
Poly(diazenediacetirnidic acid), and 
derivatives thereof (N—N Tridentates and N— 
N HeXadentates) 

N Valence Stabilizer #38: 
Diazenediforrnirnidothioic Acid, 
Diazenediacetirnidothioic Acid, 
Bis(diazenediforrnirnidothioic acid), 
Bis(diazenediacetirnidothioic acid), 
Poly(diazenediforrnirnidothioic acid), and 
Poly(diazenediacetirnidothioic acid), and 
derivatives thereof (N—N Tridentates and N—N 
HeXadentates) 

N Valence Stabilizer #39: 
Diirnidoyldiazenes, Bis(diirnidoyldiazenes), 
and Poly(diirnidoyldiazenes), (N—N 
Tridentates and N—N HeXadentates) 

N Valence Stabilizer #40: 
Ortho-arnino (or —hydrazido) Substituted 
Forrnazans, Bis(o—arnino or —hydrazido 
substituted forrnazans), and Poly(o—arnino 
or —hydrazido substituted forrnazans) (N—N 
Bidentates, N—N Tridentates, N—N 
Tetradentates, and N—N HeXadentates) 

N Valence Stabilizer #41: 
Ortho-arnino (or —hydrazido) Substituted 
Azines (including ketazines), Bis(o—arnino 
or hydrazido substituted azines), and 
Poly(o—arnino or hydrazido substituted 
azines) (N—N Bidentates, N—N Tridentates, 
N—N Tetradentates, and N—N HeXadentates) 

N Valence Stabilizer #42: 
Schiff Bases With one Irnine (CIN) Group 

ranges from O to 40, optionally having halogen 
or polarizing or Water 

insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 

R'“, R"", R""', R""", and R"""' represent H, 
NH2, or any organic functional group Wherein 
the number of carbon atoms ranges from O to 
40, optionally having halogen or polarizing or 
Water-insolubilizing/solubilizing groups 
attached. Ligand can also contain nonbinding N, 
O, S, or P atorns. 

RO—C(:NH)—N:N—C(:NH)—OR' for 
diazenediforrnirnidic acid, and RO—C(:NH)— 
CR'R"—N:N—CR"'R" "—C(:NH)—OR""' for 
diazenediacetirnidic acid, Where R, R’, R", R'", 
R"", and R""' represent H, NH2, or any organic 
functional group Wherein the number of carbon 
atoms ranges from O to 40, optionally having 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 

R", R'“, R"", and R""' represent H, NH2, or any 
organic functional group Wherein the number of 
carbon atoms ranges from O to 40, optionally 
having halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 

number of carbon atoms ranges from O to 40, 
optionally having halogen or polarizing or 
Water-insolubilizing/solubilizing groups 
attached. Ligand can also contain nonbinding N, 
O, S, or P atorns. 
R—N:N—CR':N—NR"R"', Where R, R’, R", and 
R"' represent H, or any organic functional 
group Wherein the number of carbon atoms 
ranges from O to 40, optionally having halogen 
or polarizing or Water 

insolubilizing/solubilizing groups attached. 
(Must include ortho-arnine or hydrazide 
substituted aryl R derivatives, beta-arnine or 
hydrazide substituted alkyl R derivatives.) 
Ligand can also contain nonbinding N, O, S, or 
P atorns. 
RR'C:N—N:CR"R"' or RR'C:N—NR"R"' (for 
ketazines), Where R, R’, R", and R"' represent 
H, or any organic functional group Wherein the 
number of carbon atoms ranges from O to 40, 
optionally having halogen or polarizing or 
Water-insolubilizing/solubilizing groups 
attached. (Must include ortho-arnine or 
hydrazide substituted aryl R derivatives, and 
beta-arnine or hydrazide substituted alkyl R 
derivatives.) Ligand can also contain 
nonbinding N, O, S, or P atorns. 
RR'C:N—R", Where R, R’, and R" represent H, 
or any organic functional group Wherein the 
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TABLE l-continued 

Wide Band Organic Valence Stabilizers for the Ce+4 Ion 

General Structural Name 
(Type of Organic) Structural Representation 

and With ortho- or alpha- or beta-arnino or 
irnino or oXirno or diazeno or hydrazido 

substitution (N—N Bidentates, N—N 
Tridentates, N—N Tetradentates, N—N 
Pentadentates, or N—N HeXadentates). Also 
includes hydrazones With ortho-N 
substitution. 
N Valence Stabilizer #43: 
Schiff Bases With tWo Irnine (CIN) Groups 
and Without ortho- (for aryl constituents) or 
alpha- or beta-(for alkyl constituents) 
hydroXy, carboXy, carbonyl, thiol, 
rnercapto, thiocarbonyl, arnino, irnino, 
oXirno, diazeno, or hydrazido substitution 
(N—N Bidentates). Also includes 
dihydrazones. 

N Valence Stabilizer #44: 
Schiff Bases With tWo Irnine (CIN) Groups 
and With ortho- or alpha- or beta-arnino or 
irnino or oXirno or diazeno or hydrazido 

substitution (N—N Tridentates, N—N 
Tetradentates, N—N Pentadentates, or N—N 
HeXadentates). Also includes hydrazones 
With ortho-N substitution. 

N Valence Stabilizer #45: 
Schiff Bases With three Irnine (CIN) 
Groups and Without ortho- (for aryl 
constituents) or alpha- or beta- (for alkyl 
constituents) hydroXy, carboXy, carbonyl, 
thiol, rnercapto, thiocarbonyl, arnino, irnino, 
oXirno, diazeno, or hydrazido substitution 
(N—N Tridentates). Also includes 
trihydrazones. 

N Valence Stabilizer #46: 
Schiff Bases With three Irnine (CIN) 
Groups and With ortho- or alpha- or beta 
arnino or irnino or oXirno or diazeno or 

hydrazido substitution (N—N Tetradentates, 
N—N Pentadentates, or N—N HeXadentates) 

S Valence Stabilizer #1: 
Macrocyclic, Macrobicyclic, and 
Macropolycyclic Oligothioketones 
(including Catapinands, Cryptands, 
Cyclidenes, and Sepulchrates) Wherein all 
Binding Sites are composed of Thioketones 
(typically in the beta position) (S—S 
Bidentates, S—S Tetradentates, and S—S 
HeXadentates) 

S Valence Stabilizer #2: 
Macrocyclic, Macrobicyclic, and 
Macropolycyclic Dithiolenes (including 
Catapinands, Cryptands, Cyclidenes, and 
Sepulchrates) Wherein all Binding Sites are 
composed of alpha, alpha dithiols (rneaning 
tWo thiol groups on a single carbon atom in 

the ring) (S—S Bidentates, S—S 
Tetradentates, and S—S HeXadentates) 

S Valence Stabilizer #3: 
Dithioirnidodialdehydes, 

number of carbon atoms ranges from O to 40, 
optionally having halogen or polarizing or 
Water-insolubilizing/solubilizing groups 
attached. (Must contain ortho- or alpha- or beta 
arnino or irnino or oXirno or diazeno or 

hydrazido substitution.) Ligand can also 
contain nonbinding N, O, S, or P atorns. 
RR'C:N—R"—N:CR"'R"" or R—N:C—R'—C:N— 

R'or RC:N—R'—N:CR", Where R, R‘, R", R'“, 
and R"" represent H, or any organic functional 
group Wherein the number of carbon atoms 
ranges from O to 40, optionally having halogen 
or polarizing or Water 

insolubilizing/solubilizing groups attached. (Not 
including ortho—, alpha—, or beta-hydroxy, 
carboXy, carbonyl, thiol, rnercapto, 
thiocarbonyl, arnino, irnino, oXirno, diazeno, or 
hydrazido substitution.) Ligand can also 
contain nonbinding N, O, S, or P atorns. 
RR'C:N—R"—N:CR"'R"" or R—N:C—R'—C:N— 

R‘ or RC:N—R'—N:CR", Where R, R’, R", R'“, 
and R"" represent H, or any organic functional 
group Wherein the number of carbon atoms 
ranges from O to 40, optionally having halogen 
or polarizing or Water 

insolubilizing/solubilizing groups attached. 
(Must contain ortho- or alpha- or beta-arnino or 
irnino or oXirno or diazeno or hydrazido 

substitution.) Ligand can also contain 
nonbinding N, O, S, or P atorns. 
N(—R—N:CR'R")3, Where R, R’, and R" 
represent H, or any organic functional group 
Wherein the number of carbon atoms ranges 
from O to 40, optionally having halogen or 
polarizing or Water-insolubilizing/solubilizing 
groups attached. (Not including ortho—, alpha—, 
or beta-hydroxy, carboXy, carbonyl, thiol, 
rnercapto, thiocarbonyl, arnino, irnino, oXirno, 
diazeno, or hydrazido substitution.) Ligand can 
also contain nonbinding N, O, S, or P atorns. 
N(—R—N:CR'R")3, Where R, R’, and R" 
represent H, or any organic functional group 
Wherein the number of carbon atoms ranges 
from O to 40, optionally having halogen or 
polarizing or Water-insolubilizing/solubilizing 
groups attached. (Must contain ortho- or alpha 
or beta-arnino or irnino or oXirno or diazeno or 

hydrazido substitution.) Ligand can also 
contain nonbinding N, O, S, or P atorns. 
Macrocyclic ligands containing tWo, four, or siX 
thioketone binding sites to valence stabilize the 
central metal ion. Can include other 
hydrocarbon or ring systems bound to this 
rnacrocyclic ligand, but they do not coordinate 
With the stabilized, high valence metal ion. This 
ligand and/or attached, uncoordinating 
hydrocarbons/rings may or may not have 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
Macrocyclic ligands containing tWo, four, siX, 
or eight 1,1-dithiolene binding sites to valence 
stabilize the central metal ion. Can include other 
hydrocarbon or ring systems bound to this 
rnacrocyclic ligand, but they do not coordinate 
With the stabilized, high valence metal ion. This 
ligand and/or attached, uncoordinating 
hydrocarbons/rings may or may not have 
halogen or polarizing or Water 
insolubilizing/solubilizing groups attached. 
RC(:S)—NR'—C(:S)—R" for 
dithioirnidodialdehydes, and RC(:S)—NR'—NH— 








































































































































































































































































































